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AssTtrACT. This paper extends the dual calculus with inductive types and coinductive types. The paper
first introduces a non-deterministic dual calculus with inductive and coinductive types. Besides the
same duality of the original dual calculus, it has the duality of inductive and coinductive types, that is,
the duality of terms and coterms for inductive and coinductive types, and the duality of their reduction
rules. Its strong normalization is also proved, which is shown by translating it into a second-order dual
calculus. The strong normalization of the second-order dual calculus is proved by translating it into
the second-order symmetric lambda calculus. This paper then introduces a call-by-value system and a
call-by-name system of the dual calculus with inductive and coinductive types, and shows the duality
of call-by-value and call-by-name, their Church-Rosser properties, and their strong normalization.
Their strong normalization is proved by translating them into the non-deterministic dual calculus
with inductive and coinductive types.

1. INTRODUCTION

Dual Calculus DC given by Wadler is a type system which corresponds to the classical
sequent calculus LK (see, for example, [7]). It represents computation induced by cut elimination
in LK by using its expressions and their reduction. The dual calculus has two nice properties:
computation in classical logic, and duality.

The computation of classical logic has been intensively studied, for example, [2, 4] [8] O]
21, 28]]. They all studied the Curry-Howard correspondence between classical logic and
functional programming languages with sophisticated control structures like catch/throw and first-
class continuations. This correspondence is an extension of the Curry-Howard correspondence
between intuitionistic logic and the typed A-calculus, which is well established.

The classical sequent calculus LK has nice duality. We have an involution that maps conjunc-
tion and disjunction to each other, and maps the left and right rules of conjunction to the right
and left rules of disjunction and vice versa. This involution can be extended to the cut elimination
procedure for LK.

The system DC inherits the duality of the classical sequent calculus LK. Moreover, its proof
terms called terms, coterms, and statements also have duality, since they correspond to proofs in
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LK. This implies that its reduction relation can have duality since the reduction relation is induced
by the cut elimination procedure in LK. In this framework, Wadler gave the call-by-value and call-
by-name strategies in DC, and showed the duality of them [27]]. He also showed that the equational
correspondence between DC and Parigot’s Au-calculus [19], and showed the duality between call-
by-value and call-by-name of the Au-calculus using the duality of the dual calculus [28]). Since then,
the dual calculus has been actively studied [26} 12, [13]].

Inductive definitions are important in both mathematical logic and computer science. Inductive
definitions strengthen expressiveness of logical systems (for example, See [3]]). They are central in
programming and program verification [22} [14] for handling recursive data structures such as
lists and trees, and specification of recursive programs. Coinductive definitions are also important
since they can represent streams, infinite trees, and bisimulation, for example, in [24]].

This paper presents Dual Calculus DCuv with inductive types and coinductive types. Our cal-
culus extends the duality of DC to inductive types and coinductive types. The involution in DC is
extended so that it maps inductive types and coinductive types to each other. It also maps the left
and right rules of inductive types to the right and left rules of coinductive types and vice versa. Be-
cause of the duality of the proof rules, we will have cut elimination procedure that keeps the duality
of inductive types and coinductive types. This induces the duality of the reduction relations of proof
terms for inductive types and coinductive types.

Our main results are: (1) the duality between inductive types and coinductive types with reduc-
tion, (2) strong normalization in DCuyv, (3) strong normalization in the second-order Dual Calculus
DC2, (4) the duality between the call-by-value and call-by-name DCuv, and (5) the Church-Rosser
property and strong normalization of the call-by-value and call-by-name DCpuyv.

We will show strong normalization of DCuy. In order for proving the strong normalization, we
will first show the strong normalization of the second-order Dual Calculus DC2 given by [26] by
interpreting it in second-order symmetric lambda-calculus given in [21]]. Then strong normalization
of DCuv is proved by interpreting it in DC2 by using second-order coding of inductive and coinductive
types.

We first introduce the system DCuy that does not have reduction strategies, since it is designed
by the Curry-Howard correspondence for a standard cut elimination procedure in LK. The system
can discuss non-deterministic aspects of computation in classical logic, since the execution of pro-
grams in DCuyv is non-deterministic. It also works as a base framework for other variants of DCuv
with specific reduction strategies such as call-by-value and call-by-name that will be given later.

The duality between call-by-value and call-by-name is first suggested by Filinski [3]]. The dual
calculus gives a clear explanation for this duality by using the logical duality of classical logic. We
will show the duality of call-by-value and call-by-name in the dual calculus extended with inductive
types and coinductive types. We extend the call-by-value DC and the call-by-name DC given in
with inductive types and coinductive types, and introduce the systems CBV DCuv and CBN DCuv. They
are obtained from DCuv by restricting its non-deterministic reduction to the call-by-value or call-by-
name strategies, and also by adding some strategy-specific reduction rules. In the same way as [27]],
we show the duality of call-by-value and call-by-name in the dual calculus with inductive types
and coinductive types. We will show the Church-Rosser property as well as strong normalization
for CBV DCuv and CBN DCuv. The strong normalization will be shown by translating CBV DCuv and
CBN DCuv into DCuv.

In 1], the duality between inductive types and coinductive types in linear logic is studied. Our
system DCuyv shows the duality in ordinary sequent calculus LK.

Momigliano and Tiu [16)] discussed an intuitionistic sequent calculus with inductive def-
initions and coinductive definitions and showed its cut elimination theorem. Our system DCuv is
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a classical system and our strong normalization shows the cut elimination theorem of the classical
sequent calculus. Our cut elimination procedure is not closed in an intuitionistic fragment because
it keeps the duality and we have the corresponding proof rule that manipulates a succedent if we
have some proof rule that manipulates an antecedent. So we cannot directly compare our method
and their method.

In category theory, inductive definitions are represented by initial algebras and coinductive
definitions are represented by final coalgebras [6], and their duality in category theory is known.
Our system DCuv enables us to show the duality in a clear syntactic way by using a type system.

Several papers for dual calculus investigated the duality of computation. Wadler showed the
duality between values and continuations, and the duality between call-by-value computation and
call-by-name computation by using the explicit duality of DC [28]]. The first author of this pa-
per showed the duality between the call-by-name fixed point operator and the call-by-value loop
operator by extending DC [I1]]. The first author also showed the duality of reduction between call-
by-value computation and call-by-name computation in Au-calculus by using DC [12] to answer the
open question presented in Wadler’s invited talk at RTA2005 [28]], which asked whether the dual-
ity between call-by-value and call-by-name in his equation systems would be refined in reduction
systems. Tzevelekos [26] investigated the dual calculus given in [27]. He assumed some additional
conditions on reductions, and showed both Church-Rosser property and strong normalization hold
under his conditions. He also investigated the relationship between DC and the symmetric A-calculus
by Barbanera and Berardi [2]]. A second-order extension of DC is also considered in [26].

The system fijz in [4] is a system with implication and subtraction, and also has duality. Their
calculus with negation, conjunction, and disjunction is called uf"«V«™ and the correspondence be-
tween it and the dual calculus is discussed in [9].

A semantical approach to the duality between call-by-value and call-by-name was studied by
Selinger [23]]. He gave a categorical semantics of the Au-calculus, and explained the duality by using
the categorical duality. This approach is extended to the duality between the fixed point operator
and the loop operator by Kakutani [10]].

Section 2 gives a definition of DC and states its duality. Section 3 introduces DCuv and shows
its duality. Section 4 gives examples. In section 5, we give DC2 and show its strong normalization.
Section 6 proves strong normalization for DCuv. Section 7 introduces CBV DCuv and CBN DCuv and
shows their Church-Rosser properties and strong normalization.

2. Tue DuaL CaLcurus DC

This section defines Dual Calculus DC and states its duality. This system is obtained from the original
Dual Calculus given in [27] by removing reduction strategies in reduction rules. This system gives
us a base framework for several variants of dual calculi.

Definition 2.1 (Types and Expressions of DC). Let X, Y, Z, ... range over type variables, A, B, ...
range over types, The symbols x, y, z, . . . range over variables, and @, 3,7, . . . range over covariables.
We assume an involution (—)’” between variables and covariables, which satisfies x”/ = x and o’ = a.
An expression (denoted by D, E,...) is either a term (denoted by M, N, ...), a coterm (denoted by
K,L,...),or astatement (denoted by S, 7T,...). We define them as follows:

Types A== X|ANA|AVA|-A,
Expressions D :==M | K|S,
Terms M == x| {M,M)|{(M)inl | {M)inr | [K]not | (S).a,

Coterms K = a|[K,K]| £fst[K] | snd[K] | not{(M) | x.(S),
Statements S = MeK.
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The term (S).a binds the covariable @ in . The coterm x.(S) binds the variable x in §. We write
FV(D) for the set of free variables in D. We also write FCV(D) for the set of free covariables in
D. We will use _[_/_] for substitution. For example, the substitution S[M/x] denotes the statement
obtained from § by replacing x by M.

The type A A B denotes a conjunction, A V B denotes a disjunction, and —A denotes a negation.
A variable means an ordinary variable. A covariable means an output port and gets some value after
computation. A term represents an ordinary computation which becomes a value or puts values at
output ports after computation. The term (M, N) means a pair. The terms (M)inl and (M)inr
mean the left injection and the right injection to a disjoint sum, respectively. When [K]not gets
its input, it gives the input to K and computes K. The term (S ).« is an abstraction of S by a. It
computes S and its value is the value at the output port @. A coterm represents continuation which
puts values at output ports after computation when it gets its input. The coterm [K, L] gets an input
of a disjoint sum. If the input is (M)inl, it gives M to K and computes K. If the input is (M)inr,
it gives M to L and computes L. The coterm fst[K] gets an input of a pair. If the input is (M, N),
then it gives M to K and computes K. The coterm snd[K] also gets an input of a pair. If the input is
(M, N), then it gives N to K and computes K. The coterm not(M) gets a continuation as its input.
It gives M to the continuation and computes the continuation. The coterm x.(S) is an abstraction of
S by x. If it gets an input, it puts the input in x and computes S. The statement M e K means the
computation of K with the input M that may put values at output ports.

A typing judgment (denoted by J) of DC takes either the form I' + A | M : A, the form K : A |
' A, orthe formI'| S + A, where I denotes a context x; : Aj,..., X, : A, that is a set of variable
declarations, and A denotes a cocontext a; : By, ..., a,, : B,, that is a set of covariable declarations.
We will call M, K, and S a principal expression in those judgments. The domain of I' (denoted by
dom(I)) is the set of variables {xy,...,x,}if ['is x; : A,...,x, : A,. The domain of A (denoted by
dom(A)) is the set of covariables {aq,...,a,} if Aisa; : By,...,@y : By,.

We intuitively explain the typing judgments. There can be other ways of intuitive explanation,
for example, [26]]. In order to give an intuitive idea in general, we assume an evaluation strategy
for expressions, and a notion of values for the strategy. For example, when we take call-by-name,
the values will be canonical form, and the computation will be lazy evaluation. The focus | is used
only for denoting which part contains a term, a coterm, or a statement in a judgment, and when we
think the corresponding sequent in ordinary sequent calculus, we will erase it. The typing judgment
X1 i AL, ., x, Ay by By,...,ay : By | M : A means that when each x; has a value of type
A;, and M is computed, then M returns a value of type A or some «; gets a value of type B;. The
judgment K : A|x; : Ay,...,x, : A, Fay : By,...,a, : B, means that when each x; has a value of
type A;, an input of type A is given to K, and K is computed, then some «; gets a value of type B;.
The judgment xy : Ay,...,x,:A,|S Fay : By,...,a, : B, means that when each x; has a value of
type A; and S is computed, then some «; gets a value of type B;. We sometimes use the symbol Fpc
instead of the symbol + that appears in a judgment in order to explicitly show it is a judgment of DC.
That is, we write I' kpc A | M : A for the judgment I' - A | M : A. Similarly, we write K: A|T kpc A
andI'|S Fpc A.

The typing rules are given in Figure [l If we erase terms, coterms, statements, and the symbol
|, the system becomes logically equivalent to a fragment of classical sequent calculus LK, whose
definition is given in, for example, [[7]].
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AxR AxL
F,x:AI—AIx:A(x) a/:AIFI—A,a:A(x)
FT'FA|M: A FI—AIN:B(AR) K:A|TFA L:BIFI—A(vL)

I'rA|(M,N):AAB [K,L]:AVB|TFA
FI—A|IM:A (VRI) K:A|TFA (ALD)
I'rA|[{(M)inl: AV B fst[K]:AAB|TFA
FI—AIIM:B (VR2) K:B|TFA (AL2)
I'rA|{(M)inr: AV B snd[K]:AAB|TFA
K:A|ITFA I'rAIM:A
| > (-R) .l (=L)
I'A|[K]not : —A not(M):-A|T+ A
SrFAa:A (IR) ILx:A|S+A (IL)
F'rAl(S).a:A x(S):AITFA
FT'FA|M:A K:Alr'_A(Cut)
I'|MeK+H+A

Figure 1: Typing rules of DC

Definition 2.2 (Reduction). The reduction relation —pc is defined as the compatible closure of the
following reduction rules:

(BA1) (M,N)e fst[K] —pc M o K,
(BA2) (M,N) e snd[K] —pc N e K,
(BV1) (M)inle|[K,L] —pc M e K,
(BV2) (M)inre|[K,L] —pc MelL,
B-) [Knotenot(M) —pc MeK,
(BR) (S).a e K —pc S[K/a],

(BL) M ex.(S)—pcS[M/x],

(nR) (M e a).a —pc M,

(nL)  x.(xeK) —pc K,

where x and « are fresh in (L) and (17R), respectively.

The rules (nR) and (L) are necessary to get the results of computation of terms and coterms
from computation of statements inside them. We do not include the n-rules for logical connectives
that are given in [28]], since these break the confluence property for call-by-value and call-by-name
systems, which we will study in Section 7. In order to study a base framework, we first consider a
non-deterministic rewriting system that does not commit to either the call-by-name or call-by-value
theory.

The system DC we consider first is obtained from the original dual calculus given in [27] by
omitting evaluation strategies, dropping (¢)-rules that provide strong evaluation under call-by-value
and call-by-name strategies, and replacing (L) and (nR)-expansion rules by (17L) and (nR)-reduction
rules.

The role of (L) and (nR)-reduction rules are to simplify logical proofs without changing any
proof structure. In the last section, we also give the call-by-value and call-by-name variants of DCuv.
The role of these rules become clearer in that section since they are necessary to obtain a value as
the result of a computation under some strategy.



6 D. KIMURA AND M. TATSUTA

The type of an expression is preserved by reduction.

Proposition 2.3 (Subject reduction of DC). The following claims hold.
(1) IfTrpc AIM: Aand M —pc N, then T rpc A|N: A holds.

(2) IfK: A|T tpc Aand K —pc L, then L: A |T vpc A holds.

) IfT|S tpc Aand S —pc T, then T'| T rpc A holds.

This proposition is shown by induction on reduction using the following substitution lemma.

Lemma 2.4 (Substitution lemma). The following claims hold.

(1) Suppose T rpc A|N: A is derivable. Then we have the following.
(la) IfT,x: Atpc A|M: B, thenT +pc A| M[N/x]: B,
(1b) if K: B|T,x: A rpc A, then K[N/x]: B|T +pc A, and
(Ic) if T, x: A|S Fpc A, then T | S[N/x] pc A.

(2) Suppose L: A|T tpc A is derivable. Then we have the following.
(2a) IfT rpc A,a: A|M: B, thenT +pc A|M[L/a]: B,
(2b) if K: B|T tpc A,a: A, then K[L/a]: B|T rpc A, and
(2¢) ifT'|S tpc A,a: A, thenT'| S[L/a] tpc A

Proof. The claims (1a),(1b), and (1c) are shown simultaneously by induction on M, K, and S. The
claims (2a),(2b), and (2c) are also shown simultaneously by induction on M, K, and S'. L]

The following duality transformation extends the duality in the sequent calculus LK to terms,
coterms, and statements.

Definition 2.5 (Duality Transformation). The duality transformation (—)° from DC into itself is
defined for types and expressions as follows:

X)* =X, (A =-=(A), (AANB) =(A)°V(B)°, (AVB)=(A)°A(B),

(x)° =X, (@)° =a,

(M, N))° =[(M)°,(N)°], (IK,L])® = {(K)°, (L)),

(M)inl)® = £st[(M)°], (£st[K])° =((K)°)inl,

(M)inr)° = snd[(M)°], (snd[K])° = ((K)°)inr,

([KInot)® = not((K)°), (not(M))° = [(M)°]not,

(($).a)° = .((5)°), (x.(8)° = (($)).x,

(M e K) =(K)° e(M)°.
Note that a type and a statement are mapped to themselves. A term and a coterm are mapped to
each other.

We also define transformation for judgments. If I" is x;: Ay,...,x,: A,, then (I')° is de-
fined as (x1)°: (A% ...,(x)°: (A)°. If Ais ay: By,...,a,: B,, then (A)° is defined as
(@1)°: (B1)°,...,(@n)°: (By)°. The judgment (' - A| M : A)° is defined as (M)°: (A)° | (A)° + (I)°.
The judgment (K: A | T + A)° is defined as (A)° + (I)° | (K)° : (A)°. The judgment (I'| S + A)° is
defined as (A)° | (§)° + (I)°.

We also define transformation for inference rule names as follows: (AxR)° = (AxL), (AxL)°
(AxR), (VR1)° = (AL1), (AL1)° = (VR1), (AR)° = (VL), (VL)° = (AR), (VL2)° = (AR2), (VR2)°
(AL2), (=L)° = (=R), (=R)° = (=L), IR)° = (IL), (IL)° = (IR), and (Cut)° = (Cut).

This duality transformation preserves substitution of terms and coterms.
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Lemma 2.6. The following claims hold.

(1) (DIM/x])° = (D)°[(M)°/x"].

(2) (DIK/al)® = (D)’ [(K)°/a'].

Proof. The claims (1) and (2) are shown by induction on D. We treat the first case of (1): the case

of Dis x. (x[M/x])° = (M)° = xX'[(M)°/x'] = (x)°[(M)°/x’]. The other cases are straightforwardly

proved by the induction hypothesis. []
This duality transformation is shown to preserve typing and reduction, and to be an involution.

This transformation is a homomorphism for this system in the sense that it preserves typing and

reduction. An important feature of DC is its duality by this transformation. A term is dual to a
coterm by this homomorphism.

Proposition 2.7 (Duality of DC). The followings hold.

(1) If J is derived from Jy,...,J, (n = 1 or 2) by an inference rule R, then (J)° is derived from
(1), ..., (J1)° by the inference rule (R)°.

(2) D —pc E implies (D)° —pc (E)°.

3) ((A)°)° =A, (D)) =D, and (J)°)° =J hold.

Proof. The claim (1) is proved by case analysis of the inference rules. The claim (2) is proved by

induction on the generation of —pc using Lemma 2.6l The claim (3) is proved by induction on
types and expressions. []

Remark 2.8. The (—)° transformation maps dual reduction rules to each other. Thatis, if D —pc E
is the reduction rules (ﬂ/\l)v (ﬂ/\Z)a (Bvl)a (ﬂVZ)v (ﬂ_‘)a (ﬂR)’ (ﬂL)v (T]R)’ and (TIL)’ then (D)O —DC
(E)° is the reduction rules (8V1), (BV2), (BA1), (BA2), (B-), (BL), (BR), (nL), and (nR), respectively.

Implication D can be defined by — and V in the same way as [27]].

Definition 2.9. We write A O B for —AV B. We also write Ax.M for ({([x.((M)inrey)lnot)inley).y.
We also write N@K for [not(N), K].

The constructor @ simulates the application in A-calculus together with . The following holds
from the definition.

Proposition 2.10. The following typing inference rules and reduction rule are derivable.
ILx:A+A|M:B FT'rA|IM:A K:B|T+A
R L
FralaM Asg OF M@K ASBTra O

BD) Ax.Me(N@K) —pc M[N/x] e K

3. Tue DuaL Carcurus DCuv witH INpUCTIVE AND COINDUCTIVE TYPES

In this section, we present DCuv, which is an extension of DC with inductive types and coinductive
types. We first extend the definition of types of DC to inductive types uX.A and coinductive types
vX.A, and then extend expressions and reduction.

In Section [5] we will introduce the second-order system DC2. The system DCuy is worth to be
studied as well as DC2, since DCuv is within a first-order logic.

We first define types, their positive type variables, and their negative type variables. A positive
type variable in a type does not occur negatively in the type in the usual sense. A negative type
variable in a type does not occur positively in the type.
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Definition 3.1. The set of type variables is written by TyVars. We define the types of DCuv (denoted
by A, B, ...) and the set Pos(A) of positive type variables in the type A and the set Neg(A) of negative
type variables in the type A as follows:

A= X|ANA|AVA|-A|uXA|vXA
where uX.A and vX.A are defined when the type variable X is in Pos(A).

Pos(X) = TyVars,

Neg(X) = TyVars \ {X},

Pos(A1 A Ap) = Pos(A; V Ay) = Pos(A1) N Pos(A»),
Neg(A; A Ap) = Neg(A; V Ay) = Neg(A1) N Neg(As),
Pos(—B) = Neg(B),

Neg(—B) = Pos(B),

Pos(uX.B) = Pos(vX.B) = Pos(B) U {X},

Neg(uX.B) = Neg(vX.B) = Neg(B) U {X}.

The types 1X.A and vX.A bind X in A.

When we think standard semantics of the propositional logic with inductive and coinductive
definitions, ;X.A and vX.A are interpreted by the least fixed point and the greatest fixed point of the
monotone function P respectively, where % is the function which maps a set U to the set A[U/X].
Let u be uX.A and v be vX.A. They will have the following properties: (a) A[u/X] C u, (b) A[B/X] C
B implies u € B, (¢) v € Alv/X], and (d) B € A[B/X] implies B C v. Based on this meaning, we
will introduce terms, coterms, and their reduction for inductive and coinductive types in the same

way as [13].
Definition 3.2. The terms, coterms, and statements of DCuv are defined as follows:

M = x| (M,M)|(M)inl | (M)inr | [KInot | (S).a | in** 4 M) | coitr(M, M),
K := a|[K,K]| fst[K] | snd[K] | not(M) | x.(S) | out’*4[K] | itri[K, K],
S == MeK.

The term itr4[K, L] binds « in K. The coterm coitr?(M, N) binds x in M.
a X

The expressions in**A(M) and itr?[K, L] are the expressions for inductive types. The con-
structor in“*4 maps a term of type A[uX.A/X] to that of uX.A. The coterm itr3[K, L] is an iterator
having an input of type uX.A where L is a postprocessor after iteration. When it gets the input of
type uX.A, first a value of type A[uX.A/X] is computed according to the input, next a value of type
A[B/X] is computed by recursive invocation of the iterator, then it is given to K and K is computed
to get a value of type B, and finally the value is given to L and L is computed. Dually, out’*4[K]
and coitr?(M, N) are defined for coinductive types. The constructor out”*4 maps a coterm of
type vX.A to that of A[vX.A/X]. When the coterm out”*4[K] gets the input of type vX.A, first the
input is transformed into a value of type A[vX.A/X], then the value is given to K, and finally K is
computed. The term coitr®(M, N) is a coiterator of type vX.A. It transforms N of type B into a
value of vX.A according to M. Type annotations will be necessary for defining reduction rules.

Definition 3.3. The typing rules of DCuv are defined by those of DC and the following rules:

TFAIM: AluX.A/X] K:A[B/X]IT+rA,a:B L:B|T+A

R L
IFAlin M) : uX.A W) itrB[K, L] : uX AT F A L)
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K:AlvXA/X]|IT+A L) ILx:BrA|M:A[B/X] T+HA|IN:B
out’ A[K]: vX.A|T+ A I'FA|coitrB(M,Ny: vX.A

(VR)

We sometimes use the symbol Fpcy, instead of the symbol + in a judgment in order to explicitly
show it is a judgment of DCuy. That is, we write I pc,y A | M: A for the judgment I' - A [ M: A.
Similarly, we write K: A|T tpcyy Aand T[S Fpeyy A.
The system DCuyv satisfies the following basic lemmas.
Lemma 3.4 (Weakening lemma of DCuv). LetI' CI” and A € A’. Then
(1) if T kpeyy A| M2 Ais provable, then I Fpcy, A”| M: A holds,
(2) if K: A|T Fpcyy A is provable, then K: A [T kpcy, A’ holds, and
(3) if T'|S Fpcyy A is provable, then I | S pcy, A’ holds.

Proof. They are shown simultaneously by induction on M, K, and S. []

Lemma 3.5. LetT” C T and N’ C A. Then the following claims hold in DCuyv.

(1) IfFV(M) C dom(I'") and FCV(M) C dom(A\), thenT v A| M : A impliesT" + N’ | M : A.
) If FV(K) C dom(T") and FCV(K) C dom(A"), then K: A|T v A implies K: A|T” + A'.
(3) IfFV(S) Cdom(I'"") and FCV(S) C dom(A"), then T | S + A impliesT” | S + A'.

Proof. They are shown simultaneously by induction on M, K, and §. []

Lemma 3.6 (Substitution lemma of DCuv). The following claims hold.
(1) Suppose T kpcuy A|N: A is derivable. Then the following hold.
(1a) IfT',x: A vpcyy AIM: B, then T rpcyy A| MIN/x]: B,
(Ib) if K: B|T,x: A rpcuy A, then K[N/x]: B|T Fpcuy A, and
(lc) if T, x: A[S tpcuy A, then T'| S[N/x] Fpcuy A.
(2) Suppose L: A|T Fpcuy A is derivable. Then the following hold.
(2a) IfT rpeyy A a: A|M: B, thenT vpcyy Al M[L/a]: B,
(2b) if K: BT Fpcuy A, A, then K[L/a]: B|T tpcuy A, and
(2¢) if T[S Fpcuy A,z A, then T [ S[L/a] Fpcyy A
Proof. The claims (1a), (1b), and (1c) are shown simultaneously by induction on M, K, and S. The
claims (2a), (2b), and (2c) are also shown simultaneously by induction on M, K, and S. ]

The duality transformation can be extended from DC to DCuv.

Definition 3.7 (Duality Transformation). The duality transformation for types, terms, coterms,
statements, and inference rule names of DCuv is defined by those of DC and the following equa-
tions:

(uX.A)° = vX.(A)°, (vX.A)° = uX.(A)°.

A *AM))° = out™ W (ar)°],

(out™ A [K])* = in'* W ((K)%),

. ° . A)° o o
(itrj[K, L])° = coitrl) (K)°,(L)°),

(coitr(M, Ny)° = itr'? [(M)°, (N)°].
(MR = (vL),  (vL)° =(uR),  (uL)°=(R),  (VR)° = (uL).

The above duality transformation is well-defined.
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Lemma 3.8. The type (A)° is defined, and Pos(A) = Pos((A)°) and Neg(A) = Neg((A)°) hold.

Proof. These claims are shown by induction on A. We consider the cases of uX.B and vX.B. The
other cases are straightforwardly proved by the induction hypothesis.

The case of uX.B: Suppose that uX.B is defined. Then we have X is in Pos(B). By the induction
hypothesis, (B)° is defined and X occurs positively in (B)°. Therefore vX.(B)° is defined, and we
have Pos(uX.B) = Pos(vX.(B)°) and Neg(uX.B) = Neg(vX.(B)°) by the induction hypothesis.

The case of vX.B can be shown in the similar way to the case of uX.B. []

This duality transformation alternates free variables and free covariables that occur in terms
and coterms. Let V be a set of variables, and C be a set of covariables. Then a set of covariables
(V)° is defined by {x’ | x € V}. A set of variables (C)° is also defined by {¢’ | @ € C}.

Lemma 3.9. Let D be an expression of DCuv. Then FV((D)?) = (FCV(D))° and FCV((D)°) =
(FV(D))® hold.

Proof. The claims are shown by induction on D. ]

This duality transformation preserves substitution of types, terms, and coterms.

Lemma 3.10. Let A and B be types, D be an expression, M be a term, and K be a coterm of DCuv.
Then the following hold.

(1) (A[B/XD)° = (A)°[(B)°/X].

(2) (DIM/x])° = (D)°’[(M)°/x].

(3) (DIK/a])® = (D)°[(K)°/a'].

Proof. The claim (1) is shown by induction on A. The claims (2) and (3) are shown by induction on

D. 0

The extended duality transformation preserves typing, and is an involution in DCuyv.

Proposition 3.11. The following claims hold.

(1) If J is derived from Jy,...,J,, (n = 1 or 2) by an inference rule R, then (J)° is derived from
(1), ..., (J1)° by the inference rule (R)°.

2) ((A)°)° =A, (D)°)° =D, and ((J)°)° = J hold for any type A, expression D, and judgment J of
DCuv.

Proof. The claim (1) is shown by case analysis of the inference rules of DCuv using Lemma [3.10)
(1). The claim (2) is shown by induction on types and expressions. ]

Our reduction rules for inductive and coinductive types will be defined so that they correspond
to cut elimination procedures in the classical sequent calculus LK extended with inductive defini-
tions and coinductive definitions. In the following proof figures, we will write u, v, and A[B] for
UX.A, vX.A, and A[B/X] respectively. In the logical system, when the cut formula is an inductive
type, the cut elimination procedure reduces the proof

TrA Al A[B,TFA,B B,TrA

I'rAu (wR) w,TFA

I'rA

(uL)

(Cut)

to the proof
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: A[Bl,TFA,B B,T+A,B
TFA Al wT+AB

(uL) A[B],l": FA,B

TraBAp 7P AWLTFAB (- (mono) :
TrAB " BIEA (o
I'rA

We can intuitively understand the rule (mono) as follows: u + B implies A[u] + A[B], so we have
Alu] + B by combining it with A[B] + B. This rule will be formally shown in Lemma 3.14] (2a).
This reduction changes the cut formula from p to A[u]. We do not have to count the cut formula B,
since that cut is auxiliary. When the cut formula is a coinductive type, the cut elimination procedure
reduces a proof in a dual way to the above reduction.

When we have a function Ax.M from A to B and the variable X is in Pos(C), we can define

the function from C[A/X] to C[B/X] by extending Ax.M. We will use monoff'g L« yiV} so that this
function maps z tomono’$ . {z}. We will define mono’$, | {N} by induction on the measure ||C||x
for a type C and a type variable X, which is defined by induction on C as follows: If X is not free in

A, then ||A||lx = 0. In the other cases, we assume that some X occurs in A and we define

IXllx = 1,
lA A Bllx = [lAV Bllx = [|Allx + lIBllx + 1,
I-Allx = llAllx + 1,

luY.Allx = lIvY.Allx = llAllx + lAlly + 1.

Note that if X is not free in B and we have X # Y, then ||A ||x = ||A[B/Y]||x.
The number ||Al|x will also be used for evaluating the size of monoif'g miN} by using M, N,
and C (see Lemmal[6.2)). If we replaced ||A|lx + [|Ally + 1 by ||Allx + 1 in the definition of ||uY.A||x

and ||[vY.A||x, it would not work for this purpose.

Definition 3.12. Assume a type variable X and types A, B, C are given and X is not free in A and B.
For a variable x and terms M and N, we define the term mono*< = (N} by induction on || C |[x as

AB.x.M
follows:
monoABxM{N} (N e x.(M e )).a,
mono’ A B N} = (X does not occur in C),
monoif g’;DM{N} = (monoifoM{(N e fstla]).a}, monoABxM {(N e snd[B]).5})
monoy 31N} = (N e [ y.((mono\y \/{v})inl e y),z.((monoyy  ,(z} )inr e y) )Y,
monoABxM{N} =[z(Ne not(monoggxM{ 1)) Inot,
monof‘;iCM{N} = (N e itr B2 ( 1n"YC[B/X](monojg[i‘i;[cw/x]/y]{z}) ea), B1)p,

monoif EYXCM{N} = c01trVYC[A/X]<mono§ C[”);VIC[A/X]/Y]{ (z e out” XN}, N).
For a covariable « and coterms K and L, we also define

X.C — X0y oo
monoy ', k{L} = (Monoys 1 v gy AL’

Note that ||uY.C|lx > ||C[uY.C[B/X]/Y]llx and |vY.C|lx > ||C[vY.C[A/X]/Y]|lx hold since X is
not free in uY.C[B/X] and vY.C[A/X]. We cannot replace C[uY.C[B/X]/Y] by C in the defini-

. X.uY.C
tion of mono A B M

monoﬁ;g’x{M, N} and monof;g,a{l(, L} for monoﬁ;g’x. (N} and monoif;g,m x1L}, respectively.

{N} because of the type annotation for in. For readability, we sometimes write
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The paper studied an intuitionistic logical system with strictly-positive inductive defini-
tions, and on the other hand we study a classical logical system with positive inductive definitions.
Our cut elimination for inductive types is the same as theirs, and on the other hand our cut elimi-
nation for coinductive types is different from theirs. They can avoid the use of mono. However, we
cannot straightforwardly compare our method and their method, since our system is strictly larger
than their system.

Our method works only for classical logic and does not work for an intuitionistic logic. This
is because our cut elimination procedure keeps the duality and we have the corresponding proof
rule that manipulates a succedent if we have some proof rule that manipulates an antecedent. In
particular, we define the operator mono for coterms as the dual of the operator mono for terms.
Roughly speaking, in the proof of the next lemma, when we show the properties of mono for negation
by using the derivation

A+B
A,-BF
=B+ —A,
we need the following derivation in order to show the properties of its dual:
BrA
+A,—-B
-A+ -B

which uses a non-intuitionistic sequent.

Lemma 3.13. The following claims hold.

(la) FV(monos (M,N}) C (FV(M)\ {x})UFV(N).

(Ib) FCV(monoy§ {M,N}) C FCV(M)U FCV(N).

(2a) FV(monoy (K,L}) C FV(K)U FV(L).

(2b) FCV(monoX§ {K.L}) € (FCV(K)\ {a}) U FCV(L).

Proof. The claims (la) and (1b) are shown by induction on ||C||x. The claims (2a) and (2b) are
shown by using (1a), (2b), and Lemma[3.9] U]

Lemma 3.14. Assume X is in Pos(C) and Neg(D). Then the following hold:

(la) I,x: ArA|M:BandT + A| N: C[A] impliesT + A | monof'gx.M{N}: C|B],

(1b) I,x: BF A|M: AandT + A|N: D[A] implies T + A|monoi2  {N}: D[B],

(2a) K: A|T + A,a: Band L: C[B]|T + A implies monok$ {L}: C[A]IT F A,

(2b) K: BT v A,a: Aand L: D[B]|T v A, implies monoX 2 ~ {L}: C[A]|T + A,

where C[A] and D[A] are abbreviations of C|A/X] and D[A/X], respectively.

Proof. The claims (la) and (1b) are shown simultaneously by induction on ||C||x and ||D||x. The
claims (2a) and (2b) are shown by using (1a), (1b), and Proposition B.111 ]



CALL-BY-VALUE AND CALL-BY-NAME DUAL CALCULI WITH INDUCTIVE AND COINDUCTIVE TYPES 13

The following proposition is obtained as a special case of the above lemma.

Proposition 3.15. Assume X is in Pos(C). The following are derivable:

Ix:A+A|M:B K:A|TrAa: B
I,z: C[A] F A |mono¥€  {z}: C[B] monoy§ {B}: C[A]|T + A,B: C[B]

Definition 3.16. We define the one-step reduction relation —pc,,, of DCuy as the compatible closure
of the reduction rules of DC and the following reduction rules:

Br) i (M) o itry[K, L] —neuy (M e monole , Ll itrylK Bl K D). e L,

(Bv)  coitri(M,N) e out"™C[K] —pc,y N @ x.(mono Sy . {coitri(M,z), M} e K).

This system has subject reduction.

Proposition 3.17 (Subject reduction of DCuv). The following claims hold.
() IfT Fpcuy AlM: Aand M —DCuv N, then T Fpcuy A|N: A holds.

2) IfK: A T Fpcuy A and K —DCuv L thenL: A|T Fpcuy A holds.

(3) IfT|S Fpcuy Aand S —speuy T, then T | T vpeyy A holds.

Proof. They are shown simultaneously by induction on the generation of —pc,,, using Lemma[3.4]
and 3.14]1 We consider the cases of (Bu) and (Bv).

Case of (Bu). Assume I' | in**C(M) e itré [K, L] + A is derivable in DCuv. We use p and C[A]
as abbreviations of uX.C and C[A/X], respectively. The last rule of the derivation must be (Cut)
rule. Then T + A | in*C(M): D and itrg [K,L]: D|T + A are derivable for some type D. Since
the last rules of these derivations must be (uR) and (uL), we obtain D is uX.C, and the derivations
of ' + A| M: C[u], the judgment K: C[A]|T' + A,a: B,and L: A|T + A,a: B. Hence we have
itrd[K,B]: u|T + A, B: Aby (AxL) and (uL) rules, and then mono’{ itrd[K,B], K}: Clu]|T +

A, a: Ais derivable by Lemma[3.14l Therefore we have I'| (M emonoX¢ {itrd[K,B], K }).aeL + A

. AL
by using (/R), (Cut) rules.
The case of (8v) is shown similarly to the case of (Bu).
The other cases are straightforwardly proved by the induction hypothesis. []

The duality transformation (—)° preserves reduction.

Theorem 3.18 (Duality of DCuv). D —pcyy E implies (D)° —pcuy (E)° for any expressions D
and E.

Proof. This is proved by induction on the generation of —pc,. []

Proposition 3.19. If D —pcy,, E is the rules (fu) and (Bv), then (D)° —pc,y (E)° is (Bv) and (Bu)
respectively.

We have shown the duality of inductive types and coinductive types. Proposition 3.11] and
Theorem [3.18] show that the duality transformation is a homomorphic involution. The description
of a type can be defined as the set of the type itself, its terms, its coterms, and their reduction. The
duality transformation maps the description of an inductive type and that of a coinductive type to
each other. That is, we have the following. (1) Definition [3.7] shows that the inductive type uX.A is
mapped to the coinductive type vX.(A)°, the term constructed by in for the inductive type is mapped
to the coterm constructed by out for the coinductive type, and the coterm constructed by itr for the
inductive type is mapped to the term constructed by coitr for the coinductive type. (2) Proposition
shows that the cut elimination procedure of the inductive type is mapped to the cut elimination
procedure of the coinductive type. (3) the coinductive type is mapped to the inductive type in a
similar way to (1) and (2).
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Remark 3.20. We cannot define our typing system by using
K:ClA/X]ITFAa: A ,
— : — (uL’)
itrf[K, Bl uX.CIT+AB: A
instead of the typing rule (uL). If we used (uL’), the set of terms would not be closed under sub-

stitution, because itr?[K, L] would not have typing rules for it and hence it would not be a term,
though it is obtained from itr?[K, ] by substituting L for 3.

4. EXAMPLES
In this section we show some examples of inductive and coinductive types in DCuv. Let X, be a
distinguished type variable. We use the following abbreviations:
T ==Xp V Xp, 1L ==Xy A Xo, and %= Ax.x.
The type Nat of natural numbers can be represented by:
Nat = uX.(T V X),
0 = in"*((+)inl),
suce(M) = in"**((M)inr),
where 0 is the zero and succ is the successor. We can prove I' + A | ®: Nat. We can also
prove I' + A | succ(M): Nat from ' + A | M: Nat. The n-th natural number 7 is rep-
resented by succ(succ(...succ(®)...)) (n times of succ). We will write M[_/x]*(N) for
M[M]J...[M[N/x]/x].../x]/x] (ntimes of M). We define a coterm Itr®[F, N, K] of type Nat by
itr[[y.(N e @), x.(F ¢ (x@q))], K |, where y is not free in N, the term F has type B O B, and N and
K are of type B. When the coterm ItrB[F, N, K] gets i as its input, it computes n-time iterations
of applying the function F to N, and passes the output to K. This reduces /i ® Itr®[1x.M, N, K] to
M[_/x]"(N) e K.
The type List(A) of lists of elements of type A is represented by:
List(A) = uX.(T V(A A X)),
nil = in"s*™((x)inl),
M :: NI = in™S*™(((M, NIy )inr).
The term nil is the empty list and (::) is the list constructor. In DCuv, the judgment I' +
A | nil: List(A) is provable. The judgment I' + A | M :: NI: List(A) is also provable from
CFA|M:AandT + A|NIL: List(A).
We note that the above examples can be considered under the call-by-value setting (section [7)

if we restrict terms in the above examples to values.
We can also define the type Stream(A) of streams of elements of type A by:

Stream(A) = vX.(A A X),
cons(M, Ns) = coitri STz (%), (ma(x) o out>e@™ o)) ), (M, Ns) ),
hd[K] = outS™eaW[ £fst[K]],
t1[L] = out3Tem D[ snd[L]],

where 71(M) is the first projection of M defined by (M e fst[a]).a, and mo(M) is the second pro-
jection of M defined by (M e snd[a]).a. The term cons{M, Ns) constructs a new stream from a
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given element M and a given stream Ns. The coterm hd[K] receives the first element from a given
stream and gives it to K. The coterm t1[L] removes the first element from a given stream and gives
the resulting stream to L. We can prove I' + A | cons(M, Ns): Stream(A) from ' + A| M: A and
'+ A|Ns: Stream(A). We can also prove hd[K]: Stream(A) [T + A from K: A|T + A. We can
also prove t1[L]: Stream(A) |I" + A from L: Stream(A) |I" + A. This reduces cons{M, Ns)ehd[K]
to M e K. We also reduce cons(M, Ns) e t1"*![hd[K]] to Ns e t1"[hd[K]], where t1"[hd[K]] is
defined by t1[tl[...t1[hd[K]]...]] (ntimes of t1). Hence the coterm t1"[hd[K]] receives the
n-th element of a given stream and gives it to K. Let M be a term of type A. The stream of infi-
nite number of M is represented by coitr]{(M, x), ), where x is a fresh variable. We will write
stream(M) for coitr]((M, x), x). Indeed, the statement stream(M) e t1"[hd[K]] is reduced to M
for any n. This means that any n-th element of stream(M) is M.

We note that this stream example can be considered under the call-by-name setting (section [7)
if we restrict coterms in the above example to covalues.

Proposition 4.1. Nat is dual to Stream(Ll), that is, (Nat)° = Stream(Ll), (0)° = hd[(x)°], and
(succ(M))° = t1[(M)°] hold.

If Stream(L) is considered under the call-by-name setting and Nat is considered under the call-
by-value setting, then the duality of the above proposition can be understood as follows. The type T
means the singleton set {x}. The type L means the type of a program that returns some answer after
computation with the input * since L is equivalent to = T. The type Nat means the infinite disjoint
sum T+ T+ T +.... The type Stream(L) means the infinite cartesian product L X L X L X.... Since
aterm in Stream(_L) is equivalent to a coterm in Nat, when the term gets some natural number and
is computed, it returns some answer. When the term gets the natural number 7, since 7 is * in the
n-th Tin T+ T +..., the term in the n-th L in L X 1 X... is given the input * and it is computed to
give some answer.

Here we can also consider examples that include non-deterministic choices. Let M and N
be terms of same type, x be a fresh variable, a and 8 be fresh covariables. We define the non-
deterministic choice (M | N) by

(M|N)=(Mea)Bex(Nea)).ua,

where a and 3 are fresh covariables. This term has both (8;) and (Bg)-redexes. It is reduced to
M if the (Bg)-redex is chosen, and is reduced to N if the (8;)-redex is chosen. Thus, (M | N)
can be considered as a non-deterministic choice of either M or N. This non-deterministic choice
(M | N) is forced to choose M under the call-by-value strategy, and is forced to choose N under the
call-by-name strategy.

An example of non-deterministic computation is the list insertion function. This function gets a
list as its input data, and non-deterministically chooses one arbitrary place in the list. Then it returns
a new list that is obtained by inserting a given element at the place.

Let M be a term of type A, and K’ be a coterm of type List(A) A List(A). Then we define
insy[K’] of type List(A) by

insy[K'] = itry S WL (@), (o)), K,

Li(@) = x.({(M ::nil,nil) e @),

Lo(a@) = z.{(m1(2) :: mma(2), m1(2) 2 moma(2)) | (M m1(2) 2 moma(2), m1(2) = mima(2)) ) @ @)
where x occurs in Li(@) is a fresh variable of type T, and z occurs in Ly(«) is a fresh variable of
type A A (List(A) A List(A)). Then if N/ is a list and N/’ is a list obtained by inserting M in some
place of NI, then the statement N/ e insy[K’] can be reduced to (N/’, NI) ¢ K’. We can show this
by induction on the length of NI. If Nlisnil, then N/’ is M :: nil. The statement nil e insy[K’]
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is reduced to (M :: nil,nil) e K’. If Nlis N :: Nlo, then NI’ is either N :: NIj or M :: N :: Ny,
where N 16 is an inserted list obtained from Nly. The statement (N :: Niy) e insy[K’] is reduced to
(N, (Nlpeinsy[y]).y)eLy(a)).ae K’. Then this statement is reduced to ({N, (N, ng))) olr()).ae
K’ by the induction hypothesis. We have ({N :: NI/, NI) | (M :: N :: Nly, NI)) e K’. Hence we can
obtain (M :: N :: NIy, Nl) e K’ or {M :: N :: NIy, NIy e K.

Let K be a coterm of type List(A). Here we define

inserty[K] = insy[fst[K]].

Then the statement N/ e inserty[K] is reduced to NI’ e K for any inserted list N/’ obtained from
NI.

5. TuE SEcOND-ORDER DuaL CaLcuLus DC2

We consider the second-order extension DC2 of DC given by Tzevelekos [26]. He showed the basic
properties of DC2, such as the substitution lemma and subject reduction. Without formal discussion,
he also mentioned that his translation from DC into the symmetric A-calculus can be extended to
the second-order case. In this section, we give a formal definition of the second-order translation
from DC2 into the second-order symmetric A-calculus, and show the strong normalization of DC2 by
using this translation. For this purpose we will use the strong normalization result of the second-
order symmetric A-calculus given in [21]].

Definition 5.1. An expression is defined to be strongly normalizing if there does not exist any
infinite reduction sequence starting from the expression.

First, we define a second-order extension DC2 of DC.
Definition 5.2 (DC2). The types, terms, coterms, and statements of DC2 are defined by:

Types A=X|ANA|AVA|-A|VXA|3IXA,

Terms M = x| (M, M) | {(M)inl | (M)inr | [K]not | (S).a | (M)a | (M )e,
Coterms K = a|[K,K]| fst[K] | snd[K] | not{M) | x.(S) | a[K] | e[K],
Statements S = M e K.

The typing rules and reduction rules (denoted by —pcy) of DC2 are defined by extending the rules
of DC with the following rules:

FFAIM:A (VR) K:A[B/X]IFI—A(VL)
CrAl(M)a:VZA a[K] : VXA|T A
C'rA|M:A[B/X] K:A|TFA

(3R) (AL)

I'+Al(Mye:3XA e[K]: AZA|T + A
(BY) (M)aea[K] —pc2 MeK,

(B3) (M)eee[K] —pcx MeK,
where Z is not free in I" and A in (VR) and (dL). We write —>5fc2 to denote the transitive closure of
—DC2-

We have the new constructors a and e, which are trivial witnesses for the quantifiers at the
level of expressions, so that the system has subject reduction. We choose our DC2 so that it does
not contain type information in expressions, since our purpose is to show strong normalization of
the second-order dual calculus, and in general the strong normalization of the system with type
information is implied by the strong normalization of the system without type information.
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We sometimes use the symbol Fpcp instead of the symbol F that appears in a judgment in order
to explicitly show it is a judgment of DC2. That is, we write I' +pcp; A | M: A for the judgment
' A|M: A. Similarly, we write K: A|T" +pc; Aand T'[ S Fpea A.

We write I'[B/X] for x1: C1[B/X],...,x,: Cy[B/X]ifI'is x1: Cq,...,x,: C,. We also write
A[B/X]] for ay: Di[B/X],...,an: Du|B/X]if Ais ay: Dy,...,an: D,.

Lemma 5.3. The following claims hold.

(1) IfT tpca A M: A, then T[B/X] tpc2 A[B/X]| M : A[B/X] holds.
(2) If K: A|T kpca A, then K: A|T[B/X] tpco ALB/X] holds.

(3) IfT'|S tpca A thenT[B/X]|S +pc2 A[B/X] holds.

Proof. They are shown simultaneously by induction on expressions. []

The basic lemmas for DC and DCuyv are also shown in DC2. We use Lemma[3.3]to show weak-
ening lemma.

Lemma 5.4 (Weakening lemma). LetT' C I and A C A’. Then the following hold in DC2.
(1) IfT v A| M: A is provable, thenT' + A’ | M : A holds.

(2) IfK: A|T + A is provable, then K: A|T” + A holds.

(3) IfT|S v Ais provable, then T’ | S + A’ holds.

Proof. They are shown simultaneously by induction on M, K, and S. We use Lemma[5.3] when we
show the cases of (M)a and e[K]. We consider these cases.

The case of (M)a. Assume I’ C T/, A C A’, and " v A | (M)a: A is derivable. Since the last
rule of the derivation must be (YR), we have A is YX.B for some B, the variable X is not free in I"
and A, and ' + A| M: B is derivable. Then we have I' + A | M : B[Z/X] for a fresh type variable Z
by using Lemma[5.3] By the induction hypothesis, I” + A’ | M : B[Z/X] holds. Therefore we obtain
I+ A |(M)a: YZ.(B[Z/X]) by (YR) rule, since Z is not free in " and A’.

The case of e[K] is shown similar to the case of (M)a.

The other cases are straightforwardly proved by the induction hypothesis. L]

Lemma 5.5. LetI” C T and A’ C A. Then the following hold in DC2.

(1) If FV(M) C dom(I"") and FCV(M) C dom(N\"), thenT v+ A| M : A impliesT" + N | M : A.
(2) If FV(K) C dom(I"") and FCV(K) C dom(A"), then K: A|T + A implies K: A|T" + A’.
(3) IfFV(S) Cdom(I'") and FCV(S) C dom(A’), then T | S + A impliesT” | S + A'.

Proof. They are shown simultaneously by induction on M, K, and §. []

Lemma 5.6 (Substitution lemma). The following claims hold.
(1) Suppose T rpca A|N: A is derivable. Then the following hold.
(la) IfT,x: Avrpco AIM: B, thenT +pcy A| M[N/x]: B.
(Ib) IfK: B|T',x: A tpca A, then K[N/x]: B|T rpca A
(Ic) If T, x: A|S tpea A, then T | S[N/x] tpea A
(2) Suppose L: A|T rpey A is derivable. Then the following hold.
(2a) IfT +pcy A,a: A|M: B, thenT tpcy A| M[L/a]: B.
(2b) If K: B|T tpcy A, a: A, then K[L/a]: BT Fpcy A.
(2¢) IfT|S rper A, a: A, then T | S[L/a] Fpca A.
Proof. The claims (1a),(1b), and (1c) are shown simultaneously by induction on M, K, and S. The
claims (2a),(2b), and (2c) are also shown simultaneously by induction on M, K, and S'. []
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This system has subject reduction.

Proposition 5.7 (Subject reduction of DC2). The following claims hold.
(1) IfT rpeo Al M: A and M —per N, then T rpey A|N: A holds.

(2) IfK: A|T rpcr A and K —peor L, then L: A|T rpep A holds.

Q3) IfT|S tpex Aand S —pep T, then T | T +per A holds.

Proof. They are shown simultaneously by induction on the generation of —pc> using Lemma[5.3]
3.4l 5.3l and[5.6] We show the cases of (8Y) and (53).

The case of (BY). Suppose I' | (M)a e a[K] + A is derivable. ThenI' + A | (M)a: C and
a[K]: C|T + A are derivable for some type C. Since the last rules of these derivation must be (YR)
and (VL), we have C is VX.A for some A, X is not free in both ' and A, and T v A | M: A and
K: A[B/X]|T + A are derivable for some B. Then we can obtainI' - A| M : A[B/X] by Lemma[3.3]
Therefore I'| M e K + A can be derived by (Cut) rule.

The case of (53) is shown similar to the case of (8Y).

The other cases are straightforwardly proved by the induction hypothesis. []

Remark 5.8. The trivial witnesses a and e are necessary for the subject reduction. If we did not
have these constructors, the subject reduction would fail. If we chose the following (VR") and (VL)
instead of (YR) and (VYL),

FTFAIM:A K : A[B/X]IT+ A
CFA|M:VZA K:VXA|T+A

then the following would be a counter-example: we would have I'| (x @ fst[a]).c ® B+ A where T’
is x: X A 'Y, the sequence Ais B: VZ.X,and Z # X, Y, but would not have I' | x @ £st[B] + A, though
(x o fst[a]).a @ Bis reduced to x e £st[S].

In A-calculus the constructor a is not necessary for subject reduction while the constructor e is
necessary for it [25]]. In our system, since ¥ and 7 are dual, the constructor a is also needed.

(VR') (VL")

The duality transformation can be extended from DC to DC2.

Definition 5.9 (Duality Transformation). The duality transformation for types, expressions, and
inference rule names of DC2 is defined by those of DC and the following equations:

(VX.A) = dX.(A)°, (AX.A)Y =VX.(A)°,

(M)a)® = e[(M)°], (e[K])® = ((K)")a,

(M)e)® = a[(M)°], a[K])® = ((K)")e,

(YR)° = dL), (AL)° = (VR), (YL)° = (3R), (AR)° = (YL).

This duality transformation preserves substitution of types, terms, and coterms.

Lemma 5.10. Letr A and B be types, D be an expression, M be a term, and K be a coterm of DC2.
Then the following hold.

() (A[B/X])° = (A)°[(B)°/X].
(2) (DIM/x])* = (D)’ [(M)°/x'].
(3) (DIK/a])® = (D)°[(K)°/a’].

Proof. The claim (1) is shown by induction on A. The claims (2) and (3) are shown by induction on

D. 0
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The extended duality transformation preserves typing and reduction. It is an involution in DC2.

Proposition 5.11 (Duality of DC2). The following claims hold.

(1) If J is derived from Jy,...,J, (n = 1 or 2) by an inference rule R, then (J)° is derived from
(1), ..., (J1)° by the inference rule (R)°.

(2) D —pcp E implies (D)° —pca (E)°.

3) (A)°)>° =A, (D)) =D,and(J))° =J hold.

Proof. The claim (1) is proved by case analysis of the inference rules of DC2. The claim (2) is
proved by induction of the generation of —pc; using Lemma [5.10l The claim (3) is proved by
induction on types and expressions. []

Next we give a definition of the second-order symmetric A-calculus SA2. The symmetric A-
calculus is introduced by Barbanera and Berardi [2] as a classical extension of the A-calculus. The
strong normalization of its second-order extension SA2 is proved by Parigot [21]] using the reducibil-
ity method. The particular system we consider here is an extension of Parigot’s system with two
additional rules (17, and 1;). As discussed in ibid., Parigot’s proof works with this variant without
problem.

Definition 5.12 (S12). We define the second-order symmetric A-calculus SA2. The types of SA2 are
either the special type L or m-types (denoted by 7,0, ...) given by:
=X | Xt | txt | t+7 | VX1 | X7

where X, Y,. .. range over type variables. The types ¥YX.7 and 3X.7 bind X in 7. The negation (7)*
of 7 is defined by:

X))+ =X+, XHt =X,
Txo)y =@+ ()"t GT+o)t =@ x (),
VX.1)t = AX.(0)L, AX.1)t = VX.(1) .

The symbols x,y, ..., a,B,...range over variables. The terms of SA2, denoted by ¢, i, . . ., are defined
by

ti=x [ ing (@) | ingo(0) | (66) | 1+ | Axt | a@) | e().

The one-step reduction relation — g, of SA2 is defined as the compatible closure of the fol-
lowing rules:

Br) (Ax.t) * u —> g t{u/x], B ux (Ax.t) — s tlu/x],
Bx+ 1) (t1,02) * inj () —sp 11 * u, Bix1) inj (u) = (t1,12) —sp0 u* 1y,
(Bx+2) (t1,02) * injy(u) —sp 0 * u, (Bix2) injo(u) = (t1,12) — s U * 1y,
Bva) a(r) * e(u) — g t * u, (Bav) e(u) * a(t) —sp u*t,
(1r) Ay.(y = 1) —sp L, (1) Ay.(txy) —spt,

where y is not free in ¢ in (17;) and (77,).
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A typing context (denoted by I', A) is a finite set and of the form x;: 7q,...,x,: 7,. A judgment
of SA2 takes either the form '+ ¢: 7or '+ ¢: L. The typing rules of SA2 are defined as follows:

Mx:Trt: L Frt: ()t Tru:t

_ ——————— (ab
Mx:trx:T (Ax) 'k Ax.t: (1)t (abs) Frtsu: L (app)
F'rt:7 (+1) | s FI—M:O'()
CrHinj;():m+1 " (=12 I'r{t,u)y:TxX0o
: I'rt:7lo/X
Frt:t ) [/](3)

I'a@) :vYXTt (X is not free in I') I're@:3IAX1

Theorem 5.13 (Strong normalization of SA2 [21l]). Every typable term is strongly normalizing in
SA2.

We will give a reduction-preserving and type-preserving translation from DC2 into SA2. Our
translation is a second-order extension of the translation from DC into the symmetric A-calculus
given by Tzevelekos [26]].

Definition 5.14. Let A be a type of DC2. The type (A)" of SA2 is defined as follows:

X" =X, (AAB) =)' xB), (AVB) =) +(B),

A" = (AHE, (VXA =VX.(A)T, Ax.A)" = 3IAX.(A)".
Let D be an expression of DC2. The term (D)" of SA2 is defined by:

()" =x, (@) =a,

($).@)" = A.(S)T, (x.(S)" = Ax.(S)T,

(Mya)" = a(M)"), (Mye)" = e(M)"),

(e[KD = a((K)"), @K = e((K)),

(M)inl)" = inj;(M)"), (£st[K]) = inj;(K)"),

(M)inr)" = inj,(M)"), (snd[K])' = inj,((K)"),

(M, N)T = (), (N, (K, L)' = (K)', (L)),

([KInot)" = Ax.(x+ (K))),  (mot(M)" = (M),

(M oK) = (M) = (K)'.
We define the translation of [K|not by using n-expansion, so that all reductions in DC2 are strictly
simulated in SA2.

(M and ((A)")* are defined as x;: (A1)",...,x,: (A" and @1: (B, ..o am: (Bw))*
respectively if I is x;: Ay,...,x,: A, and Ais a;: By,...,qa,: B,. For a judgment J of DC2,
the judgment (J)' of SA2 is defined as follows: The judgment (' + A | M: A)" is defined
as (D)7, (AN + (M)": (A)'. The judgment (K: A | T + A)' is defined as ()", (A)")* *
(K)": ((A)")*. The judgment (T'| S + A)T is defined as ()T, (A)")* + (S): L.

This translation preserves provability and one-step reductions.

Proposition 5.15. The following claims hold.
(1) If J is provable in DC2, then (N7 is provable in SA2.
(2) D —pez E implies (D) — g0 (E)'.

Proof. The claim (1) is shown by induction on the proof of J. The claim (2) is shown by induction
on the definition of —pcs. L]
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We can obtain strong normalization of DC2 from the above proposition.

Theorem 5.16 (Strong normalization of DC2). Every typable expression is strongly normalizing in
DC2.

Proof. Assume there is an infinite reduction sequence
D =Dy —pc2 D1 —pc2 - - -
starting from D. From Proposition the expression (D)' is typable in SA2, and
(D) — s (D) —sp - ..
is an infinite reduction sequence. This contradicts Theorem [5.131 L]

Remark 5.17. Tzevelekos [26]] also gave a back translation (—)? from the symmetric A-calculus
into DC. As noted in his paper (Section 3, Note 3.5), this translation cannot extend to the second-
order case since it does not preserve typing judgments for existential quantification. This is because
the translation (—)” does not preserve type substitution: (A[B/X])’ # (A)’[(B)”/X]. The same
argument applies to ours.

6. STRONG NORMALIZATION OF DCuv

In this section, we prove strong normalization in DCuy. We will give a translation from DCuv into
DC2 that is based on the second-order encoding of inductive and coinductive types. Our proof of
strong normalization will be done by showing the fact that one-step reduction in DCuv is translated
to one or more steps reduction in DC2.

We use the following degree of expressions in DCuy for defining the second-order coding of
inductive and coinductive types.

When we try to prove some properties of expressions by induction on expressions, that induc-
tion sometimes does not work, since the expression contains monoﬁzg’ AN} that is defined by using
induction on ||C||x. In order for solving this, we will introduce the pair of the summation of ||C||x

and the size of an expression as a measure.

Definition 6.1. Let D be an expression in DCuv. The number ||D|| is defined by:

llxdl = lledl = 0,

IKM, N)I| = llcoitry(M, N)I| = max(|M], [IN]),
IM o K|| = max(||M]l, [ K1]),

LK, LI = litry (K, L1 = max(IK]l, LI,
(S)-all = [lx.(HI = IS 1],

[KM)indf| = [KM)inr]| = [not(M)|| = [|M]],
A0 XA = [IM] + |Allx + 1,

I£st[K]Il = llsnd[K]l| = I[KInot|| = |IK]|,
llout™ A[K]|| = [IK]| + [|Allx + 1.
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The number |D| is defined by:
|x| = lal = 0,
KM, N)| = |coitr§‘(M,N>| =|M|+|N|+1,
M e K|=|M|+|K|+1,
(K, L]l = [itri[K, L]| = |K| + |L] + 1,
I(S).af = [x.(S) =S|+ 1,
KMyinl| = KM)inr| = jnot(M)| = [in"*4M)| = M| + 1,
|fst[K]| = |snd[K]| = |[K]not| = out’*A[K]| = |K]| + 1.
The degree deg(D) of the expression D is defined as the pair (||D||, |D|). We also define the order of
the degrees by the lexicographic order.

The number |D| is the number of constructors in the expression D. The number ||D|| is the
maximum summation of (J|A|lx + 1) for in**4(M) and out’*4[K] in paths in D. For example,
deg(in“X'ﬁXVX«([x.((x)inr e y)lnot)inl e y).y)) = (4,7). We have ||E|| < ||D]| and |E| < |D| when
the expression E is a proper subexpression of D. The degree satisfies the following properties.
Lemma 6.2. The following claims hold.

(1) 1IDIl = ID)°l and |D| = |(D)°| hold.

(2) llmonoy e (M, N}l < M|l +INIl + lIAllx holds.

(3) deg(in**A(M)) > deg(monoffjéA’Ka{ x.(ye (x@a)),B}) holds.

Proof. The claims of (1) are shown by induction on D. The claim (2) is shown by induction on

[|Allx. The claim (3) is proved by using (2). ]
We present the second-order encoding for DCuyv. We will write A(x, @).S for Ax.((S).a). Then

(A(x,@).S) o (N@K) is reduced to S[N/x][K/«a].

Definition 6.3 (Translation (—) from DCuy into DC2). Let A be a type of DCuv. The type A of DC2 is
defined as follows:

X=X, AAB=AAB, -A=-A, AVB=AVB,
PXA=VX(AD>X)DX), vXA=3AX(~(-AAX)AX),
where D is defined in Definition[2.9] For an expression D of DCuv, the expression D of DC2 is defined
by induction on deg(D) as follows. For the expressions D of the same degree, we first define D for
D such that D is not of the form WA[K] or coitrf(M, N), and we next define D for D such that
D is of the form out"XA[K] or coitr?(M, N).

X=x, a=a,
S)a=O)a, x.(8) = x.(8),
(M,N) = (M,N), [K,L] = [K, LI,
(M)inl = (M)inl, fst[K] = fst[K],
(M)inr = (M)inr, snd[K] = snd[K],

[KInot = [K]not, not(M) = not(M),
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MeK=TeFK,

itrd[K, L] = a[ (A(x,a).(x « K))@L],

ot XA[K] = A A (K)e)),

iEAM) = (A0, 8.0 @ (Qy[X.Al e Ryrly, 7).y @B)))a,
coitr (M, Ny = Atr (M), (V)°1),

where Qy[X.A] is defined as Ay.A(z, B).( zomonoffjéA,m{ x.(ye (x@a)),B}), and Ry {N, K} is defined
as (A(x, a).(x ® a[N@«a]))@(M @K).

We also define the translation of Judgments The context I is deﬁned as x1: Ap, ..., xp: A, if T
isx1: Aq,...,x,: A,. The cocontext A is defined as @1:Bi,...,an: Bpif Aisay: Bl, ey By
The judgment T-A|M: AisdefinedasT + A| M: A. The judgment K: A|T F A is defined as
K:A|T F A. The judgment T'| S + A is defined as T | S  A.

The next lemma shows that this translation commutes with (—)°.
Lemma 6.4. (A)° = (A)°, (D)° = (D)°, and (J)° = (J)° hold.

Proof. The claim for A is proved by induction on A.

The claim for D is proved by induction on D. The cases of in**AM), out”X4[K], itrg [K, L],
and coitr?(M,N) are shown by the definition of the translation and the dualities of DCuv and
DC2. The case of in**4(M) is shown as follows: (In**A(M))° = (A @V ((M)°)P))° =
out’ XA [(M)°] = ({An**4(M))°. We can show the cases out’ [K], itri[K,L], and
coitr?(M, N) similarly. The other cases are straightforwardly proved by the induction hypothe-
sis.

The claim for J is proved by using the claims for A and D. ]

The translation E preserves substitution.
Lemma 6.5. A[B/X] = A[B/X], DIN/x] = D[N/x], and D[L/a] = D[L/a] hold.
Proof. The first claim is shown by induction on A. The second and the third claims are shown
simultaneously by induction on deg(D). For the expressions D of the same degree, we first show

the claims for D such that D is not of the form out"*4[K] or coitr;?(M, N), and we next show the

claims for D such that D is of the form out”*A[K] or coitri(M, N).

We consider the cases of in*X4(M), itrg[K, L], out”™4[K] and coitr?(M, N). The other
cases are straightforwardly proved by the induction hypothesis.

The second claim of the case in“*4(M) is shown in the following way. By the induction

hypothesis, we have monoﬂXA Ya{x(y (x@q)), ﬂ}[N/x] = monoﬂXA Ya{x(y (x@cx)) BHN/x]
since deg(monoﬂXA Ya{x(y e (x@u)),B}) < deg(in*XA(MY) by Lemma 6.2 (3). By

Lemma [3.13] (2a), monoy!, , {x.(v & (x@)), 8}[N/x] = mono, , (x.(y e (x@a)),5}. Hence
we have (Qy[X.A]D[N/x] = Qy[X.A]. By the induction hypothesis, we have Ry{y, y}[N /x] =
Rumn/aly, v} since deg(M) < deg(in**4(My)). Therefore, in“*A(M)[N/x] is equal to (A(y,B).(y ®
((Qy[X.ADIN/x] ® (Ryuly,yDIN/x]).y@B)))a. Then it is equal to (A(y,B).(y ® ((Qy[X.A] e

Run/aly, v1.y@p)) ya. The last term is equal to An*XAMY)[N/x] by the definition of ).
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The second claim of the case itr?[K,L] is shown in the following way. The coterm
itr[K,L][N/x] is equal to a[ (A(y,@).(y ¢ K[N/x]))@L[N/x]]. By the induction hypothesis,
it is equal to a[ (A(y, @).(y ¢ K[N/x]))@L[N/x]]. Hence it is equal to (itr‘é[K, L]D[N/x] by the
definition of E

The second claim of the case out”*4[K] is shown in the following way. Since [|K]|| = ||(K)°||
and |K| = |(K)°| by Lemma [6.2] (1), we have deg(out”[K]) = deg(in"X'(A)o((K)")). Hence
int XA (KIN/x])°Y = in**A°(K)°)[(N)°/x’] holds by Lemma since the third claim for
it XA (K)°Y is already shown before this case. Then we can obtain the claim of this case as
follows:

(utXA[KD[N/x] = (AnEW(KIN/xDY)° = G @(EK)OIN)/x])° =
(A X WY(K)*) )P I((N)°)°/x] = out™ X A[K][((N)°)°/x] = out’ A[K][N/x].

The third claim of this case is shown similarly.

The second and third claims of the case coitrf}(M, N) is shown in the similar way to the case
of out”*4[K]. ]

Note that the second and third claims of the above lemma cannot be proved straightforwardly
by induction on D. For example, for proving the case of in**4(M) in the second claim, we need

induction hypothesis for monoffjé A,Y,a{ x.(y e (x@a)), 8} but it is not a subterm of in*XAM).

The next proposition says the translation () preserves provability.

Proposition 6.6. If J is provable in DCuv, then J is provable in DC2.

Proof. This is shown by induction on the degree of the principal expression in J. We show the cases
of in**A(M), out 4 [K], itrd[K, L], and coitrd(M, N).

The case of itr?[K, L] is shown by the induction hypothesis and Lemma The cases of
coitri(M,N) and out”*4[K] are shown by the induction hypothesis and the dualities of DCuv and
DC2.

We prove the case of in*(M). We write u, A[B], and A[C] as abbreviations of UX.A,
A[B/X], and A[C/X] respectively. This case is shown by the following three steps: (a) we show
Ryfy,v}: @>Y) D Z[,E] > A[Y] If,y: A[Y] D Y + K,y: A[Y] is derivable, where Ruly, v} is
(A(x,@).(x ® a[y@a]))@(M@vy). Next, (b) we show + | Qy[X.A]: (@ > Y) D A[u] D> A[Y]
is derivable, where Qy[X.A] is 1y.A(z,8).(z ® mono™?, . { x.(y e (x@«)),}). Finally, (c) we can

uX.AYa
easily show TrA| in*{M): u from (a) and (b).

The claim (a) is shown in the following way. Suppose I' + A | in*(M): u is derivable. Then
we have the derivation of I' + A | M : A[u]. By the induction hypothesis and Lemmal[6.3] we obtain
[+ A|M: A[f]. Then we have a derivation of M@vy: A[] > A[Y]|T F A,y: A[Y] by (D L) rule.
On the other hand, we can show y: A[Y]I D Y+ | Ax,@).(xe aly@a]): g > Y. Then we have
Ruly,y}: @D Y) D A[u] D A[Y]IT,y: A[Y]D Y +A,y: A[Y].

The claim (b) is shown as follows. We can show monoiéa{ x.(ye (x@a)),B}: Alul | y: u D>
Y + B: A[Y] in DCuv by using Lemma [3.14] the judgment x.(y @ (x@a)): u | y: u D Y +
a: Y,B: A[Y], and B: A[u] | y: £ D Y + B: A[Y]. By Lemmal6.2] (3), we have deg(in**4(M)) >
deg(mono®4 {x.(y e (x@a)),}). Hence mono*4 {x.(ye (x@a)),B8}: A[ully: @D Y F B: A[Y]is

wYa wYa
derivable by induction hypothesis and Lemmal6.3] Therefore we obtain + |Qy[X.A]: (@D Y) D

Alul D A[Y].
The other cases are straightforwardly proved by the induction hypothesis. []
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The translation (—) maps one-step reduction to one or more steps of reduction.
Proposition 6.7. For expressions D and E of DCuv, the relation D —pcy, E implies D — ., E.

Proof. First we show the claim without (Bu) nor (Bv) by induction on —pc,, with Lemma
Next, by using this and Lemmal6.5] we show the claim of this proposition by induction on —pcyy.
We consider cases according to the reduction rule.

The case of (Bu) is shown as follows: Suppose we have in"XA(M) o itrg[K, L]. This is
equal to (1(»,B).(y ® (Qy[X.A] @ Ry{y,y).v@B))a e a[(A(x.a).(x K))@L]. It is reduced to
(A3.B)-(y ® (Qy[X.A] ® Ryly,yD.y@B))) ® ((A(x.a).(x ® K))@L), and then we have (A(x.).(x
K)o (Qy[X.Ale Ry {A(x.a).(xe K), y}).y@L) by more than one step reduction. Since A(x.a).(xe K)
equals Ax.((x @ K).a), we have (Qy[X.A] ® Ry{A(x.a).(x ® K),}).y ® K).a ® L by (8 D). This is
reduced to (Qy[X.A] e Ry{A(x.a).(x e K), K}).cv @ L by (BR). Here Ry {A(x.).(x ® K), K} is equal to
(A, B).(v ® itr3[K, f])@(M @K)). Hence we can reduce Qy[X.A] @ Ry{A(x.a).(x e K),K}to M e
monoﬁ?’a{itrg [K, 3], K} by using Lemmal6.3] and the first claim. Therefore the previously obtained

expression (Qy[X.AloRy{A(x.2).(xeK), K}).awe L is reduced to (Momonoff'A {itrg[K,,B], K}).ae

X.AYa
L. This is equal to (M e monofjéA,Kﬁ{itrg[K,,B], KhH.ae L.

The case of (Bv) is shown by using the duality of (8v) and (Bu), the duality of DC2, and
Lemmal6.4l

Other cases are shown straightforwardly. ]

Finally, we complete a proof of strong normalization of DCuyv.

Theorem 6.8 (Strong normalization of DCuv). Every typable expression of DCuv is strongly normal-
izing.
Proof. Assume that D is typable in DCuv and there is an infinite reduction sequence
D —pcyy D1 —pepy - - -
starting from D. Then D is typable in DC2 by Proposition and

D —*

+
DC2

Dy —pe,

is an infinite reduction sequence starting from D by Proposition[6.7] This contradicts Theorem 5,16
L]

7. THE CALL-BY-VALUE AND CALL-BY-NAME DCuy

The motivation for introducing the dual calculus in [27] was to show the duality between call-
by-value and call-by-name. In this section, we follow this motivation. That is, we will extend
the duality to inductive and coinductive types by introducing the call-by-value and call-by-name
variants of DCuv. These variants also satisfy the important properties such as strong normalization
and the Church-Rosser property.

We recall the definition of the call-by-value and call-by-name DC. The call-by-value and call-
by-name dual calculus use the notion of values and covalues. They are defined as follows.
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Definition 7.1 (Values and covalues of DC [27]). The values (denoted by V,W,...) and covalues
(denoted by P, Q, ...) of DC are defined by the following grammar:

Vi=x |V, V)| {(V)inl | (V)inr | [K]not,
P :=a|[P,P]| fst[P] | snd[P] | not{M),

where M is a term and K is a coterm of DC.

The types, expressions, and typing rules of the call-by-value and call-by-name DC are the same
as them of DC. The call-by-value reduction relation of DC is defined as follows.

Definition 7.2 (Call-by-value reduction rules of DC). The call-by-value reduction relation — . of
DC is defined from the following rules.

BAy (V,W) e fst[K] —[. Ve K,

BA2)y (V,W)esnd[K] —) WeK,

(BV1), (Vyinle[K.L] —. V ek,

(BVa)y (Wyinre[K.L] — WeL,

(B-)y  [K]not enot(M) —;. MeK,

(BR)y  (S).ae K —. S[K/a],

(BL)y  Veox.(S) —p S[V/x],

Ay (M,N) — 1. (Me x.((x,N) e a)).a,
A2y (VM) —p . (Me x.((V,x)ea)).a,
(sVi)y (Myinl —) . (Me x.((x)inl e @)).a,
(sV2)y (Mhinr —  (Me x.((x)inr e @)).a,
MRy M —]. (Mea)a, and

(mL)y K —}c x.(x e K),

where M is not a value, and x and @ in (A 1)y, (§A2)y, (§V1)y, (§V2),, (ML)} and (nR); are fresh.

An example of use of ¢-rules is
((§).a)inl — [ ((S).a @ x.({x)inl e B)).f8 —> . (S[x.({x)inl e B)/a]).B.

This system is obtained from the call-by-value dual calculus given in by removing the implica-
tion.

We note that the original system in includes implication types, values for implication, and
a call-by-value B-rule for implication. However, as mentioned in [27]], an implication A D B can be
defined as —(A A —=B) under call-by-value. Hence each value for implication can be replaced a value
in terms of other connectives, and the reduction rule for implication can be simulated by the other
B-rules.

The rules (¢A1)y, (§A2)y, (§V1)y, and (¢V5), are the separated forms of the rule (¢) given in
[27], and our rules are equivalent to his rule. However, we prefer this separated form since this form
is easy to add ¢-rules for inductive and coinductive types later.

The symbol + used in (7L)} and (nR); means n-expansion rules. When we extend call-by-
value and call-by-name calculi with inductive and coinductive types later in this section, we will
use the reduction (nR) and (L) instead of the above expansion (7R); and (nL); for the following
reasons. In [27], n-rules requires side conditions to avoid infinite reduction sequence: “‘expansions
(nL) and (nR) should be applied only to a term M or coterm K that is not the immediate subject
of a cut”. However, two problems still remain about n-expansion rules. One problem is that a
value becomes non-value by the n-expansion: For example, a value x is expanded to a non-value
(x ® @).a by (nR){-rule. The second problem is that infinite reduction sequences occur with ¢-rule:
For example, (x)inl e 8 is reduced to ((x ® @).a)inl e B by (yR);. Since (x ® ). is not a value,
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it can be reduced to ((x ® @).a @ y.((y)inl e y)).y e S by (¢V1),. Then, we have (x)inl e 5 again
by (BL), and (BR),-rules. Tzevelekos [26] assumed additional conditions on n-expansion rules, and
showed strong normalization and the Church-Rosser properties of the call-by-value and call-by-
name DC under his conditions. However, his approach does not solve the first problem. One simple
solution for the both problems is to replace n-expansion by n-reduction. For this reason, we will
adopt n-reduction in our call-by-value and call-by-name systems.

The dual calculus considered in has n-rules for conjunction, disjunction, and negation.
These rules could be defined naturally because the system in was based on equations. However,
we cannot define these 7-rules naively in the call-by-value and call-by-name reduction systems of
DC since these rules break the Church-Rosser property: The call-by-value (17V)-rule defined in
is [x.({(x)inl e K),y.({(y)inr e K)] = K, where K has type A V B. Suppose that we add (nV)-
reduction rule [x1.({x;)inleK), x;.((x2)inreK)] —;. K to the call-by-value DC. Then the statement
[x1.x1)inl e y.(z ® @)), x2.({xp)inr e y.(z ® @))] has two normal forms [x;.(z ® @), x;.(z ® @)] and
y.(z ® ). Suppose that we add (7V)-expansion rule K —p. [x1.(x;)inl e K), x>.((x2)inr e K)] to
the call-by-value DC. The statement x ® y.(z e @) (the variable z and the covariable « have type X,
and the variables x and y have type A V B) is reduced to z e @ by (5.)-rule. The statement xey.(ze @)
is also expanded to x e [x1.({x;)inl e y.(z ® @)), x3.({x2)inr e y.(z ® @))] by (1V)-rule, and then it
is reduced to x e [x].(z ® @), x2.(z ® @)] by (Br),-rule. These two results are never confluent since
the first one z @ @ cannot produce a coterm of the form [K, L], and the bracket [..] in the second one
xeo[x1.(zea),xp.(ze )] cannot be eliminated.

The call-by-name reduction relation of DC is defined as follows.

n

Definition 7.3 (Call-by-name reduction rules of DC). The call-by-name reduction relation —

DC is defined from the following rules.

Cof

BADn (M,N)e fst[P] —[ . Me P,
(BA2)n (M,N)esnd[P] —[.NeP
BVi)n (M)inl e [P, Q] —. M e P,
(BV2)n (M)inre [P, Q] —5. MeQ,
(B-),  [KInot enot(M) —j. MeK,

BR)n  (S).ae P —p S[P/a],

(BL)y M e x.(S) —p S[M/x],

(SADn  E£st[K] —p x.((x @ £st[a]).a e K),
(§A2)n  snd[K] —f. x.((x e snd[a]).a e K),
(SVDn [K, L] —pc x.((x o [a, L]).a @ K),
(Vo) [P,K] —pc x.((x o [P, a]).a e K),
(nR);, M —p. (Mea).a, and

(L), K —p. x.(xeK),

where %K is not a covalue, and x and @ in (¢A 1)y, (§A2)n, (§V1)ns (§V2)us (ML), and (nR);} are fresh.

This system is obtained from the call-by-name dual calculus given in [27] by removing the
implication.

As mentioned in [27], an implication A O B can be defined as —=A V B under call-by-name.
Hence, covalues for implication, and a call-by-name reduction rules for implication given in the
original system can be replaced in terms of other connectives.

The call-by-value reduction and the call-by-name reduction are dual strategies in DC.
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Proposition 7.4 (Duality between call-by-value and call-by-name in DC [27]). Let D and E be
expressions of DC. Then, D —>IV)C E iff (D)° — 5 (E)°, where (=)° is the duality transformation
defined in the section 2.

Now we will introduce the call-by-value and call-by-name variants of DCuv. We first consider
a call-by-value restriction of DCuy (called weak call-by-value DCuv) which is given by simply re-
stricting the reduction rules of DCuv. This restricted system satisfies both strong normalization and
the Church-Rosser properties. However, this system is rather weak since it lacks the ¢-rules. The
call-by-value DCuv (denoted by CBV DCuv) is obtained by adding the ¢-rules to the weak call-by-
value DCuv. The weak call-by-name DCuv and the call-by-name DCuv (denoted by CBN DCuv) are
also considered. The call-by-name DCuv is the dual system of the call-by-value DCuyv.

We first define the notion of values and covalues in DCuv.

Definition 7.5 (Values and covalues of DCuv). The values (denoted by V, W,...) and the covalues
(denoted by P, O, ...) of DCuv are defined by the following grammar:

V= x |V, V) [ (V)inl | (V)inr | [K]not | int*4(V) | coitr(M, V),
P :=a|[P,P]| fst[P] | snd[P] | not(M) | out”*A[P] | itri[K, P],

where M is a term and K is a coterm of DCuv.

The set of values of DCuv is a subset of terms of DCuv. The set of covalues of DCuv is a subset
of coterms of DCuv. Note that the above definition is a straightforward extension of the definition of
values and covalues in DC.

The set of values and covalues are closed under substitution of values and covalues, respec-
tively.

Lemma 7.6. Let V and W be values, and P and Q be covalues of DCuv. The following claims hold.
(1) V[W/x] is a value of DCuv.
(2) P[Q/a] is a covalue of DCuyv.

Proof. They are straightforwardly proved by induction on V and P. L]

The types, expressions, and typing rules of the weak call-by-value and the weak call-by-name
DCuv are the same as them of DCuv. The reduction relation of the weak call-by-value DCuv is given
as follows.

Definition 7.7 (Reduction rules of the weak call-by-value DCuv). The reduction relation —ycgy
of the weak call-by-value DCuv is defined as the compatible closure of the reduction rules (BA1),,
B2y, BV1)y, (BV2)y, (B-)y, (BR),, (BL),, and the following reduction rules:

By AnXVY @ itrf[K, L] —sucey (V e monoyce , sl 1trg[K.Bl, K).a e L,
Bv), coitrﬁ(M, V) e out’ C[K] —ycpy V @ x.(monof;fx.az{ coitrﬁ(M, ), M} eK),
(nR)y (M e @).a0 —>ycay M,
(nL)y  x.(x ® K) —ycpv K,
where x and « are fresh in (17L), and (yR),, respectively.
The reduction relation of the weak call-by-name DCuyv is given as follows.

Definition 7.8 (Reduction rules of the weak call-by-name DCuv). The reduction relation —ycgy
of the weak call-by-name DCuv is defined as the compatible closure of the reduction rules (8A1)y,,
BA2Dns BV Dns BV2)ns (B—)us (BR),, (BL),, and the following reduction rules:
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B 10X AM) o itrf[K, Pl —wcen (M emono’C, (itrf[K. Bl K }).a e P,
(BV)n  coitr{(M,N) e out”™ C[P] —can M o x.(mono} <, . {coitri(M,z), M}e P),
MRy (M & @).a —>ycey M,

(nL),  x.(x ® K) —ycen K,
where x and « are fresh in (1L), and (nR),, respectively.
The weak call-by-value reduction and the weak call-by-name reduction are dual strategies.

Proposition 7.9 (Duality between weak call-by-value and weak call-by-name in DCuv). Let D and
E be expressions of DCuv. Then, D —ycgy E iff (D)° —ycey (E)°, where (=)° is the duality
transformation of DCuv defined in the section 3.

The rules (8-),, (BR),, (nL),, and (nR),, are the same as (8-), (BR), (L), and (nR)-rules of DCuv,
respectively. The rules (BA1),, (BA2)y, (BV1)y, (BV2)y, (BL),, (Bu),, and (Bv), are just restrictions
of the rules (BA1), (BA2), (BV1), (BV2), (BL), (Bu), and (Bv), respectively. The situation of the
call-by-name case is similar to the call-by-value case. Hence, we can easily obtain the following
proposition.

Proposition 7.10. Let D and E be expressions in DCuv. Then the following claims hold.
(1) IfD —>wCBV E, then D _>DC/1V E.
(2) IfD —>wCBN E, then D _>DC/1V E.

From the above proposition and the strong normalization result of DCuv (Theorem|6.8), we have
the strong normalization of the weak call-by-value and the weak call-by-name reduction relations.

Proposition 7.11 (Strong normalization of the weak CBV and CBN DCuv). We have the following.
(1) Every typable expression is strongly normalizing in the weak call-by-value DCuyv.
(2) Every typable expression is strongly normalizing in the weak call-by-name DCuv.

The reduction relations —ycgy and — gy of DCuv satisfy the Church-Rosser property. We
first recall the definition of the Church-Rosser property.

Definition 7.12 (Church-Rosser property). Let A be a set and — be a reduction relation on A. We
write b < a — c if both a — b and a — ¢ hold. We also write b — a < cifbothb - aandc — a
hold.

(1) The reduction relation — satisfies the diamond property if, for all a,b,c € A, the relation
b < a — c implies that there exists d € A such that b — d < c.

(2) The reduction relation — satisfies the Church-Rosser property if —* satisfies the diamond prop-
erty, where —* is the reflexive transitive closure of —.

From now on, we concentrate to show the Church-Rosser property of —,cgy. The Church-
Rosser property of —,cay can be obtained from the result of —cgy and the duality (Proposi-
tion[Z.9)). In order to show the Church-Rosser property of —cgy, we will use the parallel reduction
technique. The definition of the parallel reduction relation is given as follows.

Definition 7.13 (Parallel reduction of the weak call-by-value DCuv). The parallel reduction relation
(denoted by =) of the weak call-by-value DCuv is defined inductively from the following rules.

x = x and @ = « for any variable x and covariable «.

(M,Ny= (M’',N")y ifM= M and N = N'.

[K,.L] = [K',L'] ifK= K andL = L.

(M)inl = (M’)inl, (M)inr = (M’)inr, and not{M) = not{M’) if M = M’.
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fst[K] = fst[K’], snd[K] = snd[K’], and [K]not = [K’']not if K = K’.

i AMY = i XMy if M = M.

out”4[K] = out’®4[K’] ifK = K'.

coitr{M,N) = coitr®(M’,N’y if M = M’ and N = N'.

itrd[K, L] = itrd[K’,'] ifK= K and L= L’

MeK—=>M eK iftM= M and K = K'.

(S).a=(S).aand x.(S) = x.(S") if S =5

Mex(S)=S'[V/x] ifM=VandS = S’.

S)aeK = S'[K'/Ja] if K=K andS = S’.

(M,Nye fst[K]=VeK ifM=V,N= W,and K = K'.

(M,NYesnd[K] > WeK ifM=V N=W,and K = K'.

(M)inle [K,L]=VeK ifM=V K=K

(Myinle [K,L]= Vel iftM=V L=>1L.

[Klnot enot{(M) > M e K’ if M = M and K = K’.

i XC(My e itri[K,L] = (V o monoffjfa Al itrd[K’.Bl, K’ D.ae L’ if M= V,K =K/,
and L= L.

coitri{(M, Ny e out”™C[K] = V e x.(mono} €, . {coitri(M’,z), M’} ¢ K') if M = M,
N=V,andK = K. S

(Mea)a= M if M = M and « is not free in M.

x.(xe K)=> K’ if K = K’ and x is not free in K.

The parallel reduction of the weak call-by-value DCuv satisfies the following basic properties.

Lemma 7.14. Let M be a term, V and V' be values, K and K’ be coterms, and D and D’ be
expressions of DCuv. Then the following hold.

(1) Suppose D = E. If D is a term, then E is also a term. If D is a coterm, then E is also a coterm.
If D is a statement, then E is also a statement. If D is a value, then E is also a value.

(2) D= D.
(3) If M = Vand D = D', then D[M/x] = D’[V/x].
@) IfK = K" and D = D', then D|K/a] = D’[K’/a].

Proof. The claim (1) is shown by induction on the definition of =. The claim (2) is shown by
induction on D.

The claim (3) is shown by induction on D = D’ with Lemma We show the case that
No ® y.(Ty) = T1[W/y] is derived from N9 = W and Ty = T,. By the induction hypothesis, we
have No[M/x] = W[V/x] and To[M/x] = T1[V/x). By Lemma[Z.6l W[V/x] is a value. Hence we
have (N @ y.(To))[M/x] = (No[M]/x]) ® y.(To[M/x]) = T1[V/xI[W[V/x]/y] = T\[W/yl[V/x]. The
other cases are straightforwardly proved by the induction hypothesis.

The claim (4) is shown by induction on D = D’. ]

Lemma 7.15. Let D and D’ be expressions of DCuv. Then the following claims hold.
(1) If D —ycav E, then D = E.

(2) If D= E, then D —_ 4, E.
(3) The parallel reduction relation = satisfies the diamond property, that is, if the relation Dy <

D = D holds, then there exists E such that D = E < D».

Proof. The claim (1) is shown by induction on the definition of —cgy. The claim (2) is shown by
induction on the definition of =.
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The claim (3) is shown by induction on D. We show the case that D is the shape of (S).cex.(T),
Dy is S’[L/a], and D, is T’[V/x] with the conditions § = S, T = T’', x.T = L,and (S).a = V.
Recall that a critical pair in DCuv occurs in this shape. This case is most important to see that this
critical pair is avoided in the weak call-by-value DCuv .

From the definition of the parallel reduction and (S).a = V,wehave S = M ea, M = V, and
a is not free in M. Then, from M e @ = S = §’, we have the following two cases: (i) S’ = M' e«
and M = M’ for some M’, or (ii) M = (S¢).3, S’ = So’[a/B], and Sy = S’ for some S and S¢’.
From the condition x.(T") = L, we also have the following two cases: (a) T = x e K, x is not free
in K, and K = L for some K and L, or (b) L = x.(T"”)and T = T" for some T".

The case of (). Wehave D; = (S')[L/a] = (M’ea)[L/a] = M’eL. By the induction hypothesis
and V & M = M’, there exists a term W such that V = W & M’. From Lemma[Z.14](1), W is a
value. We then consider the subcases (a) and (b).

The subcase of (a). From the condition K = Land T = xe K, we have (xe L) & T = T’. By
the induction hypothesis, there exists a statement 7" such that (x ¢ L) = T < T’. Hence we have
D = (xe L)[M'/x] = T[W/x] & T’'[V/x] = D, from M’ = W < V and Lemma[Z.14 (3).

The subcase of (b). By the induction hypothesis and 7/ < T = T”, there exists 7 such
that 7" = T < T”. Hence we have D, = T'[V/x] = T[W/x] by Lemma[Z14(3) and V = W.
We also have D; = M’ o L = M’ @ x.(T”") = T[W/x] from M’ = W and T”” = T. Therefore
D = T[W/x] & D, holds.

The case of (ii). We first claim that, for any S and V, if (§').a = V, then there is some M such
that S = M ea, M = V, and « is not free in M. This claim is easily obtained from the definition
of the parallel reduction. In this case, we have V. & M = (5¢).8 = (S¢’).8. By the induction
hypothesis and Lemma [Z.14] (1), there is a value W such that V = W < (S¢’).8. Then, there exists
a N such that So’ = N e B, N = W, and 8 is not free in N from the above claim. Hence we have
Dy =S8'[L/a] = S¢'[a/Bl[L/a] = S¢’'[L/B] = (N ¢ B)[L/B] = N e L. We then consider the subcases
(a) and (b).

The subcase of (a). By the induction hypothesis, there exists a statement T such that (xe L) =
T < T’. Hence we have D| = (x @ L)[N/x] = T[W/x] & T'[V/x] = D, from N = W < V and
Lemmal[Z.14](3).

The subcase of (b). By the induction hypothesis and 7/ & T = T”, there exists T such
that 7" = T < T”. Hence we have D, = T'[V/x] = T[W/x] by Lemma[Z141(3) and V = W.
We also have D| = Neo L = N e x(T") = T[W/x] from N = W and T” = T. Therefore
D = T[W/x] & D; holds.

The other cases are also proved by the induction hypothesis. []

From Lemmal[Z.13] we can obtain the Church-Rosser property of the weak call-by-value DCuv.

Proposition 7.16. The reduction relations —,cgy and — ycgy 0f DCuv ey, satisfy the Church-Rosser
property.
Proof. We first show the Church-Rosser property of —ycpy. Suppose that D — D’ and

WCBV
D — oy D’ hold. We will show that there exists some E such that D’ — gy E and D" ——
E. We have D = Doy —ucgv Doi —wcsv ... —wcev Don = D" and D —ycay Do —>wucv

. —wcsy D1, = D” for some n,m > 0. By Lemma[Z13l(1), D = Dy = ... = Dy, = D’ and
D = D}, = ... = D{ = D” hold. By the diamond property of =, there exists D1)j+1) such
that Djijy1) = Dis1yj+1) & Dgs1yj foreach 0 <i <n-1and 0 < j < m— 1. Hence we have
D' =Dy, =D, =...= D,,and D" = D,y = D, = ... = D,,,. By Lemma[Z.13(2), we can

replace = by — .. Therefore, we have D" — D, and D" —* . D

*
wCBV wCBV —mn:
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The Church-Rosser property of —ycgy is shown by the former result and the duality between
—>yucpy and — gy (Proposition [Z.9). []

We will next define the call-by-value and the call-by-name DCuv, which we call CBV DCuv and
CBN DCuv. The types, expressions, and typing rules of CBV DCuv and CBN DCuv are the same as them
of DCuv.

The reduction relation of CBV DCuv is obtained by adding ¢-rules to the weak call-by-value
DCuv.

Definition 7.17 (Reduction relation of CBV DCuv). The reduction relation —cgy of CBV DCuv is
defined by the compatible closure of the reduction rules of the weak call-by-value DCuv and (¢A}),,
(cA2)y, (§V1)y, (§V2),, and the following reduction rules:

(cu)y  A*CM) —cpy (M o x.(in"*C(x) 0 @)).cr,

(cVv),y coitrﬁ‘(M, M) —cgy (M e x.(coitr‘;,‘(M, x)eq)).a,

where M is not a value of DCuv, and the variable x and the covariable « in (gu),, (gv), are fresh.

We sometimes write (8), to mean (BA1)y, (BA2)y, (BV1)y, (BV2)y, (B-)y, By, (BY)y, (BL),, or
(BR),-rule. We write (1), to mean (L), or (nL),-rule. We also write (), to mean (¢A{),, (§A2)y,

SV, (§V2)y, (SH)y, Or (§V),-Tule.
The reduction relation of CBN DCuv is obtained by adding ¢-rules to the weak call-by-name

DCuv.

Definition 7.18 (Reduction relation of CBN DCuv). The reduction relation — gy of CBN DCuv is
defined by the compatible closure of the reduction rules of the weak call-by-name DCuv and (¢A1)y,,
(§A2)ns (§V 1), (§V2)y, and the following reduction rules:

() itrg[K K] —cay x.((x o itrg[K, a]).oc o K),

(V) out” [K] —cay x.((x o out”™[a]).c o K),

where K is not a covalue of DCuv, and the variable x and the covariable « in (gu),, (sv), are fresh.

From the above definitions, CBV DCuv includes the weak call-by-value DCuv, and CBN DCuv
includes the weak call-by-name DCuv. That is, the following lemma holds.

Lemma 7.19. Let D and E be expressions of DCuv. Then, the following claims hold.
(1) I_fD —>wCBV E, then D —>CBV E.
(2) IfD —>wCBN E, then D —>CBN E.

The call-by-value DCuv is dual to the call-by-name DCpuv.

Proposition 7.20 (Duality between call-by-value and call-by-name in DCuv). Let D and E be ex-
pressions of DCuv. Then, D — gy E iff (D)° —cay (E)°, where (—)° is the duality transformation
of DCuv defined in the section 3.

The call-by-value and call-by-name DCuyv satisfy both the Church-Rosser and strong normal-
ization properties. We will concentrate to show these properties of CBV DCuv. The proof will be
performed by giving a transformation from CBV DCuv into the weak call-by-value DCuyv. The trans-
formation (—)® given as follows.
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Definition 7.21. Let D be a expression of DCuv. The expression (D)® of DCuv is defined inductively
as follows.

(x)® = x,

(V. W)® =(V)®,(W)®),

(VNP = ((N)® e y.(((V)®,y) e @)).a,

(M, W)® = (M)® e x.({x,(W)®) e @)).cx,

UM = (M) o (V) 0 y.((x.y) @ BB @ a)).cr

(V)inl)® = ((V)®)inl,

UMHinl)® = (M)® e x.((x)inl e )).c,

(V)inr)® = ((V)®)inr,

UMYinr)® = (M)® e x.({(x)inr e a)).c,

([Knot)® = [(K)®]not,

A AMY)® = (M)® o x.(in A (x) o ).,

A XAVY® = it A(V)®),

(coitrd(M,V))® = coitrd((M)®, (V)®),

(coitrd(M,N)® = (N)® e y.(coitri((M)®,y) e a)).c,

(($).)® = ((5)®).a,

(@)® = a,

([K, LD® = [(K)®, (L)®],

(fst[K])® = fst[(K)®],

(snd[K])® = snd[(K)®],

(not(M))® = not((M)®),

(Outh.A [K])® — Outh.A [(K)®],

(itrﬁ[K, L))® = itrﬁ[(K)@B,(L)@],

(x.(S)® = x.(($)®), and

(M @ K)® = (M)® o (K)®,

where V and W are values, M and N are not values, and x, y, @, 8 are fresh.

We need the redundant definition of ((M, N))® for a technical reason, and it is necessary in
order to show Proposition
The transformation (—)® preserves typing.

Proposition 7.22. Let M be a term, K be a coterm, and S be a statement of DCuv. The following
claims hold.

(1) IfT rpeuy A | M 2 A is provable, then T fpcuy A | (M)® : A holds.
(2) If K : A | T kpcuy A is provable, then (K)®:A|T Fpcuy A holds.
(3) IfT' | S Fpcuy A is provable, then T | (S)® Fpcuy A holds.

Proof. They are shown simultaneously by induction on M, K, and §. []

The transformation (—)® satisfies the following basic properties.

Lemma 7.23. Let V be a value, M and N be terms, D be an expression of DCuv. Then the following

claims hold.
(1) M is a value iff (M)® is a value.
(2a) (M)®,(N)®) —7 gy (M, N))®.
(2b) {((M)®)inl — By (M)inl)®, and (M)®)inr — By (M)inr)®.

(20) A0XA(M)) —7 gy (AWXAM))®.
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(2d) coitrd((M)®, (N)®) —syucpy (coitri(M, N))®.
(3a) monoBCx{(M)@" (N)®} —: v (monoBCx{M NHE.

(3b) monoy ¢ {(K)®, (L)®) — gy (monoy? (K, L}°®.
4) D —y, (D).

Proof. The claim (1) is shown by the definition of (—)®. The claims (2a), (2b), (2c), and (2d) are
shown by (1) and ¢-rules. The claims (3a) and (3b) are shown by induction on ||C||x using (2a),
(2b), (2¢), and (2d). The claim (4) is shown by induction on D. ]

The transformation (—)® preserves substitution of a value for a variable, and of a coterm for a
covariable.

Lemma 7.24. (D[V/x])® = (D)®[(V)®/x] and (D[K/a])® = (D)®[(K)®/a].

Proof. The former claim is shown by induction on D using Lemma[7Z.23](1). The latter one is shown
by induction on D. ]

The transformation (—)® translates one step reduction of —cgy into zero or more steps reduc-
tion of —ycpy.

Proposition 7.25. D —cgy E implies (D)® —} o, (E)®. In particular, if D —cgy E by (B), or
)y, then (D)® — oy (E)® holds.

Proof. The claim is shown by induction on the definition of —cgy. We show the cases of (8L),,
(Bu)y, and (A 1)y.

The case of (BL), is proved by Lemma[Z.24] We have (V @ x.(S))® = (V)® @ x.((S)®) —ucay
($H)®[(V)®/x). By Lemmal[Z.24] the last statement is (S [V/x])®.

The case of (Bu), is proved by Lemma [Z.23] (3b). We have (in**C(V) e itri[K,L])® =
i C(V)®) o i'Cl”A[(K)GB (L)®] —weay (V)% o mOHOXXCCAB{ itry[(K)®, B, (K)® )).a o (L)® =
((V)® e mono* XCAB {Etrd[K, 8%, (K)®}).a @ (L)®. By Lemma [7.23] (3b), the last statement is

reduced to ((V)® e (mono*;¢ X cAst (itrd[K, 81, K 1)®).a e (L) by —"
Ccapt itralK, Bl K ).a o L)°.

The case of (¢A1), is proved by the definition of (—)®. We consider the subcase of
(M,N) —cgy Mex.({x, NYea)).a, where M and N are not values. Hence we have ((M, N))® =

(Mo x(N)° 0y.((x. ) o) foa)) = (M o x.(((r, ) 0 @) = (Mo x.((x, N) 0 @)).)°
The other subcase of (¢A1), for (N, V) with a non-value N is shown in the similar way.
The other cases are also shown by the induction hypothesis. []

wCBV" Therefore this statement is

((V e mono

Then we can show the Church-Rosser property of — cgy and — cgy.

Theorem 7.26. The reduction relations —cgy of CBV DCuv and —cgy of CBN DCuv satisfy the
Church-Rosser property.

Proof. We first show the Church-Rosser property of —cgy.

Assume that D — 7, D’ and D —¢,, D” hold. By Proposition [Z.23] we have (D)® —7 .o
(D")® and (D)® — gy (D%, By the Church-Rosser property of —>chV, there exists E such that
(DH® —* wcav E and (D")® —! 4, E. Therefore by Lemma [Z.19] (1) and Lemma [Z.23] (4), we
have D" — %, (D)® —¢gy Eand D” — CBV (D")® — ey E.

The Church-Rosser property of —cgy is shown by the former result and the duality between

—>cgy and — gy (Prop [£.20). ]
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We will prove strong normalization of CBV DCuv and CBN DCuv. This property is shown by
using the strong normalization result of the weak call-by-value and the weak call-by-name DCuv
(Proposition [Z.IT)).

We define the following rank of expressions in DCuv. This rank is used to show that there is no
infinite sequence of ¢-rules.

Definition 7.27. Let D be an expression in DCuv. The rank r(D) of D is defined by:
r(x) = r(a) = 0,
r([Knot) = r(fst[K]) = r(snd[K]) = r(out”4[K]) = r(K),
r([K, L]) = r(itry[K, L)) = r(K) + r(L),
r(not(M)) = r(M),
r(M,NY) = r(M) + r(N) + 2,
r(M, V) = r(V, M) = r(M) + r(V) + 1,
r(V,W)) = r(V) + r(W),
r((M)inl) = r((M)inr) = r(inX¥AM)) = r(M) + 1,
r((Vyinl) = r((V)inr) = r(inX4(V)) = V),
r(coitry{M, N)) = r(M) + r(N) + 1,
r(coitrd{M, V)) = r(M) + r(V),
r(x.(S)) =r((S).a) =r(S), and
M e K) = r(M) + r(K),
where V and W are values, and M and N are not values.

The rank (D) counts the number of redexes of (¢A{)y, (§A2)y, (§V 1, (§V2), (S)y, and (gV),-
rules. We write D — . E when D is reduced to E by one step (¢),-reduction.

Lemma 7.28. Let D and E be expressions of DCuv. Then, the following claims hold.

(1) If D —, E, then r(D) > r(E).

(2) There is no infinite sequence of (s),-reduction.

Proof. The claim (1) is shown by induction on D. The claim (2) is shown by (1). ]
We then show strong normalization of CBV DCuv and CBN DCuyv.

Theorem 7.29 (Strong normalization of CBV DCuv and CBN DCuv). The following claims hold.

(1) Every typable expression is strongly normalizing in CBV DCuv.
(2) Every typable expression is strongly normalizing in CBN DCuv.

Proof. We first show the call-by-value case. Assume that D is typable in DCuy and there is an infinite
reduction sequence

D —>CBV Dl —>CBV - . -
starting from D. Then (D)® is typable by Proposition [Z.22] and we have
(D)® — gy (D1)® —

by Proposition From the strong normalization result of the weak call-by-value DCuv (Proposi-
tion [Z.11)), there is some Dy, such that

(Dr)® = (Dy1)® = ... ..
By the latter part of Proposition [/.25] we have the following infinite sequence of (¢),-reduction:

*
wCBV * °°

Dk -, Dk+1 T, e
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This contradicts Lemmal[/.28](2).
The call-by-name case is proved by strong normalization of CBV DCuv and the duality between
CBV DCuv and CBN DCuv (Proposition [7.20). []

8. CONCLUSION

We have introduced the non-deterministic system DCuv by extending the dual calculus given in [27]]
with inductive types and coinductive types. Besides the same duality of the original dual calculus,
we have shown the duality of inductive and coinductive types, by giving the involution that maps
terms and coterms for inductive types to coterms and terms of coinductive types respectively and
vice versa, and maps their reduction rules to each other. We have proved its strong normalization
by translating it into the second-order dual calculus DC2.

The second-order dual calculus DC2 also have been introduced. Its strong normalization have
been shown by translating it into the second-order symmetric lambda calculus.

We have finally introduced the call-by-value system CBV DCuv and the call-by-name system
CBN DCuyv of the dual calculus with inductive and coinductive types. We have shown the duality of
call-by-value and call-by-name with inductive and coinductive types, their Church-Rosser property,
and their strong normalization. Their strong normalization have been shown by translating them
into DCuyv.

The first author introduced the call-by-value and call-by-name dual calculi with recursive
types [11, section 4.2]. In these systems, a recursive type rec X.A can be defined for any type
A. If we assume that rec X.A can be defined only if every X positively occurs in A, then we can
define two provability-preserving transformations from the dual calculi with recursive types into
DCuv. The one translates a recursive type to an inductive type, and the other translates a recursive
type to a coinductive type. We could not straightforwardly show that these transformations preserve
reductions (or equations) since some additional rules such as n-rules for connectives seem to be
required. This problem would be future work.

The duality of call-by-value and call-by-name in Au-calculus is shown by using the dual calculi
in [28]. Since our systems CBV DCuv and CBN DCuv are extensions of his dual calculi, we could
show the duality of call-by-value and call-by-name in Au-calculus with inductive and coinductive
definitions, by using our systems CBV DCuv and CBN DCuv. It would be future work.

A reduction-based duality between call-by-value and call-by-name in the Au-calculi was pre-
sented in [[12]], by refining Wadler’s result [28]]. Extending the result given in [12] with inductive
and coinductive types would be future work.

Our systems use the iteration for inductive types. An extension of the iteration to primitive
recursion would be future work.

A CPS translation from the dual calculus to A-calculus was given in [27]. Extending this CPS
translation to the systems with inductive and coinductive types would be future work.
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