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Abstract

A typed lambda calculus with categorical type constructors is introduced. It has a uniform
category theoretic mechanism to declare new types. Its type structure includes categorical
objects like products and coproducts as well as recursive types like natural numbers and lists.
It also allows duals of recursive types, i.e. lazy types, like infinite lists. It has generalized
iterators for recursive types and duals of iterators for lazy types. We will give reduction rules
for this simply typed lambda calculus and show that they are strongly normalizing even though
it has infinite things like infinite lists.

1 Introduction

The type structure of a simply typed lambda calculus is generally constructed from some base types
using the arrow type constructor ¢ — 7. Since a pure lambda calculus is nothing but about lambda
abstraction and application of lambda terms, the arrow type is more important than base types.
However, if we do not have any base types, the type structure is empty and there is no point in
discussing such a typed lambda calculus because there are no typed lambda terms. Therefore, we
need some base types when developing a theory of a simply typed lambda calculus, but the choice
of base types may vary from one calculus to another: some choose the type of natural numbers as
the only base type or others, like [11], choose the type of ordinals as well. We have to be careful
about choosing base types because a bad choice may ruin the whole calculus, e.g. lose the strong
normalization property.

A typed lambda calculus can be regarded as a model of typed functional programming languages,
so obviously the richer the type structure is, the closer to real programming languages the calculus
is. Some programming languages now have quite powerful mechanisms of creating new types from
existing ones, and we would naturally like to see those mechanisms in typed lambda calculi as well.

From a category theoretic point of view, the arrow type constructor is just one of the functors which
can be defined by adjunctions. There is no reason why we should not have other functors in typed
lambda calculi. In [4], the author introduced a category theoretic datatype declaration mechanism,
by which we can define categorical objects like products and coproducts, ordinary datatypes in most
of programming languages like natural numbers and lists, those datatypes which can be defined
by solving recursive datatype equations, and lazy datatypes like infinite lists. All these datatypes



are declared uniformly by means of generalized adjunctions. In this paper, we give a simply typed
lambda calculus which incorporates this uniform categorical datatype declaration mechanism. This
lambda calculus no longer needs base types. We can introduce almost all the datatypes we need
in ordinary programming languages by this mechanism. Furthermore, the calculus is still strongly
normalizing even though it has infinite lists and others.

In section 2, we introduce our (simply) typed lambda calculus: its type structure, its terms, its
typing system and its reduction rules. In section 3, we see some types we can define in our typed
lambda calculus, and, in section 4, we compare our typed lambda calculus with other typed lambda
calculi. Finally, in section 5 we see the connection between our lambda calculus and the functional
programming language ML.

2 A Typed Lambda Calculus with Categorical Type Con-
structions

2.1 Types

The type structure Type of an ordinary simply typed lambda calculus can be given in general by the
following two rules:

o € BaseType o € Type T € Type

o € Type o — 1 € Type

where BaseType is the set of base types available to this typed lambda calculus. This lambda calculus
has only one way of constructing types, i.e. ¢ — 7 is the only type constructor. We can enrich the
type structure by introducing new type constructors. For example, if we want the product and
coproduct type constructors, we may add the following two rules:

o € Type 7 € Type o € Type T € Type
o x 1€ Type o+ 1 € Type

Of course, we have to introduce new terms which belong to these new types and new reduction rules
concerning the new terms. Although this approach is flexible to have any kind of type constructors,
every time we introduce a new type constructor, we get a new typed lambda calculus and we have
to prove all the properties of this calculus from the very beginning.

One way of getting out of this problem is to have a mechanism to introduce new type constructors.
In domain theory, we can define domains by solving recursive domain equations and in some pro-
gramming languages, e.g. ML [5], we can define datatypes (or datatype constructors as polymorphic
types) in a similar manner by giving recursive datatype equations. Therefore, it is natural to intro-
duce recursive types to a typed lambda calculus. The type structure of such a lambda calculus may
be given by the following rules:

p € TVar pel I'-0 € Type I'=7 € Type
' peType I'Fo— 7eType

peTVar TU{p}HFoeType
'k pp.o € Type

where TVar is a set of type variables and I" is an environment under which types are checked to be
well-formed. The type introduced by pp.o should have terms corresponding recursively to that of



olup.o/p], where o1 /p] denotes the type obtained by replacing the type variable p in o by a type 7.

In this way, we can get rid of some basic types. For example, the type for natural numbers can now
be defined as
nat = pp.1+p

where 1 is the type of one element and + is the coproduct type constructor. This is like in domain
theory where the domain N of natural numbers is the least fixed point of N = 1 4+ N. Similarly
we can define most of ordinary datatypes in today’s programming languages in this way. However,
there are still some problems about this approach. Firstly, we need to select some base types, like
1, and some type constructors, like + and x, to start with. Secondly, the reduction rules for this
calculus may not be normalizing. Of course, it depends on the choice of terms and reduction rules in
the calculus, but we would like to have a fixed point operator or something which enables us to write
terms for addition, multiplication and so on. If we have a fixed point operator, reductions may not
terminate. In case of an ordinary simply typed lambda calculus with the type of natural numbers, it
has iterators (often denoted by J) which allows us to define these terms by primitive recursion and
because we only use primitive recursion the reductions always terminate, but we still do not know
what is the general operator for primitive recursion for pp.o.

From a category theoretic point of view, the types defined by up.o exactly correspond to initial 7™
algebras. Initial T-algebras cannot define the coproduct type constructor, but, as the author showed
in [4], their extension, initial and final F, G-dialgebras, can define the coproduct type constructor as
well as the product one.

Definition 2.1: Let C and D be categories and both F' and G be functors from C to D. We define
the category of F, G-dialgebras as

1. its objects are pairs (A, f) where A is a C object and f is a D morphism of F'(A) — G(A), and

2. its morphisms h: (A, f) — (B, g) are C morphisms h: A — B such that the following diagram
commutes.

Fa)— o
F(h) a G(h)
F(B)——c(B)

It is easy to show that it is a category; let us write DAlg(F, G) for it. [

It is also easy to see that the definition of F,G-dialgebra is an extension of the definition of T-
algebras as well as that of T-coalgebras: DAIlg(T,I) is the category of T-algebras and DAlg(I, T')
is the category of T-coalgebras.

The extension is a very simple one, yet its symmetry and dividing the source category from the target
one give us greater freedom. With T-algebras, we need the coproduct functor to define the domain
of natural numbers, but with F, G-dialgebra we do not. Let C be any category and D be its product
category C x C. We define the functors F' and G as

F(A)=(1,4) and G(A)=(AA).

Let (nat, (zero,succ)) be the initial F,G-dialgebra. The unique DAlg(F,G) morphism h from



(nat, (zero, succ)) to a DAlg(F,G) object (A, (f,g)) makes the following diagram commute.

(zero, succ)

(nat, <zel‘"0, succ)) (1, I‘lat> (nat,‘ nat)
| | |
hl (I, h) | Q | (h, h)
| | |
| | i
(A, {f, 9)) (1,4) (4, A)
(f,9)

If we redraw the diagram, we get a more familiar diagram of defining ‘nat’ as the natural number
object.

Zero succ

» nat > nat

\ \

Q \ \
'n O 'h

f | |
A A

g

We can also demonstrate that left adjoint functors can be expressed by initial F, G-dialgebras and
right adjoint functors can be expressed by final F, G-dialgebras. Let us, as an example, define the
product of two C objects A and B. Remember that the product functor is the right adjoint of the
diagonal functor. We set the functors F' and G from C to C x C as

F(C)=(C,C) and G(C) = (A, B).

Let (A x B, (m,ms)) be the final F, G-dialgebra. Then, from the definition, the unique DAlg(F, G)
morphism A from a DAlg(F, G) object (C, (f, g)) to (A x B, (7, m)) should commute the following
diagram.

(f.9)

(€, <\ﬁ 9)) (C,‘ C) <A,‘ B)
\ \ \
| (h,h) o L)
\ \ \
! ! |
<AXBa<7T177TZ>> <AXBaA><B> <AaB>

(71, 2)

We can redraw the diagram to get an ordinary diagram for products.

a a

1
\
i) 3 g
|
|
X

Ax B

Uy T2



As we extended T-algebras to F, G-dialgebras, we can extend pp.o into something more powerful: we
use not only least fixed points but also greatest fixed points which correspond to final T-coalgebras;
we allow a sequence of types instead of a single type when we take fixed points. The type structure
of our lambda calculus is:

Definition 2.2: Let TVar be a set of type variables. We use p, v, ... for the meta-variables of TVar.
The set Type of types is defined by the following rules:

p € TVar pel I'+0 € Type ' 71 e Type
' pe Type I'Fo— 7€ Type

F'u{p}ttko, €Type  Pos(p,o;) (t=1,...,n)
' pp.(o1,...,00) € Type

Fr'u{p}to €Type  Pos(p,o;) (i=1,...,n)
I'tnp.(o1,...,0,) € Type

where Pos(p, o) is the predicate which is true when p occurs only positively in 0. Pos can be defined
as follows together with the predicate Neg(p, o) for negative occurrences of p in o:

Pos(p, p)

Pos(p,v) Neg(p, v)
Neg(p,o)  Pos(p,7) Pos(p,a)  Neg(p,7)
Pos(p, 0 — 7) Neg(p,0 — 1)
POS(p,Ui) (Z:L?n) Neg(paai) (Z:Lan)
Pos(p, pv.(01,...,05)) Neg(p, pv.(o1,...,0,))
Pos(p, ;) (t=1,...,n) Neg(p, 0;) (t=1,...,n)
Pos(p, av.(o1,...,04)) Neg(p, v.(o1,...,00))

We use o, 7, ... for the meta-variables of Type. |

The type pp.(01, ..., 0y) corresponds to the initial F, G-dialgebra where F' and G are functors from
C toC x --- x C such that

F(A) = (Fi(A),...,F,(A)  and  G(A)=(A,...,A)

where F}, ..., F, are functors corresponding to oy, ...,0,. On the other hand, fp.(oy,...,0,) corre-
sponds to the final G, F-dialgebra for the same F' and G as above.

Note that we restricted type variables to occur only positively in up.(o1,...,0,) and @p.(o1, ..., 0,).
Therefore, we can have neither up.(p — o) nor up.(p — p), but we can have pp.((p — o) — p) if we
want. Note also that we do not have any base types. We will show that various types we can define
in this lambda calculus in section 3.

2.2 Terms and Their Types

Terms of our lambda calculus are defined as follows:



Definition 2.3: We have an enumerable set Var of variables and a set of terms is given by the
following BNF' expression.

L::=x | Ax?. L | L1L2 | Cﬁp.(gl,...,an),i | J&p.(al,...,an),‘r |

Dﬁp-(al ----- on),t ’ Pﬁp-(ah---ﬁn)ﬁ ‘ U[L/,O]
where C, J, D and P are constants and we use x,y, z,... for meta-variables for variables and
L,M,N,...for meta-variables for terms. We may omit type subscripts or superscripts (e.g. pp.(01, ..., 0n)

of Cup(oy....0m).i) if they are obvious. |

Chup(o1,om)i A0 Jup (04, )7 ar€ associated with pup-(01,...,0,). Remember that pp.(oq,...,0,) is
the initial F, G-dialgebra where F' and G are

F(A) = (o1[A/pl.....oulAfp])  and  G(A)=(A,...,A).
Cﬁp.(gl,.,,ﬁn)’i (t=1,...,n) are morphisms such that

<Hp-(0'17 ce. 7an>7 <C,up.(¢71,...,an),17 cee 7Oﬁp.(01,.,.,on),n>>

is the initial F’, G-dialgebra. Therefore, the type of Cﬁp,(gl,,“,an)i is

)

Chup(o1,mom)i * Oilltp-(01, - 00)/p] = ppo1, ... 00).

Given a term M of type o;[up.(o1,...,04)/pl, Cupor.....0n)iM constructs a term of pp.(o1,...,05).

Chip.(or,....on),i are constructors. In addition, J,,, (... 0,),- is the mediating morphism such that for any
morphisms Mj, ..., M, of type o1[t/p] — T,...,0.[7/p] — T, respectively, o oy, on)rMi ... M,
gives a unique morphism from pp.(o1,...,0,) to 7 such that the following digrams (i = 1,...,n)
commute.

C

pp(O1,00),i

Ui[Hp.(al,‘...,an)/p] —Hp.(al,‘...,an)

O-iI:JEp.(O'l,...,Un),TMl cee Mn/p] Q Jup.(0'1,...,on),TM1 cee Mn
|

\
i .

ailT/p]
M,
Therefore, the type of Jy, (0y,..00)7 18
Jup.(o1,on)r (oulr/p] = 1) = - = (on[T/p] = T) — HP-(UM C,Op) — T

As is well-known, J,,; (s, ,....s,) can be used to define primitive recursive functions.

Dually, Dz, (6,,..00)i a0d Py (o1, . .0n),- are associated with the type fip.(o1, ..., 0n).

<ﬁp~(017 cee 7Un)7 <Dﬁp.(01,...,on),17 cee 7Dﬁp.(01 ..... Un),n>>

gives the final G, F-dialgebra and Py, (o,,....s,),+ 1S its mediating morphism. Given a term M of type
fp-(01,...,0,), it can be decomposed into a term Dz, (o,,..00):M of type o;[fip.(o1,...,0,)/p] and
Prp.(o1,.om),7 M - .. M;, can be used to construct a term of type fip.(oy,...,0,) from a term of type
T.

For a type o with a free type variable p, a term o[M/p] denotes the result of applying the functor
corresponding to o to a term M.



Definition 2.4: Types of terms in our lambda calculus is given by the following rules:

x € Var rz:o0¢€l

I'kFax:o
rv{z:o}r-M: 7 'tM:0—7 TIFN:o
X M:o0c—T1 I'MN: T

LE Cupor,miom)ii - oilpp.(o1, ... 0n)/p] = pp.(o1,. .., 00)

UE uporon)r (o1[t/p] = 7) = ... = (ou]T/p] = 7)

1111

— pp(o1,...,00) =T
I'F Dapor,on)i  Bp-(01, ... 00) — olfip.(o1, ..., 00)/p)
UF Paporonr o (T = oulr/pl) = ... = (T = oul7/p])
=T = 0ap.(o1,...,00)
Pos(p, o) 'EM:7—17 Neg(p, o) 'EM:7—7
I'=alM/p]: olr/p] — olr'/p] EolM/p]: olr'/p] = olr/e] ]

2.3 Reduction rules

Let us consider the reduction rules for our typed lambda calculus. In the following we do not handle
a conversions explicitly. We regard terms which can be transformed each other by a conversions
are essentially the same. We assume that the necessary renaming of variables when substituting a
variable by a term is done implicitly.

We have the 3 and 7 reduction rules from ordinary lambda calculi.
(Az? .M )N = M[N/z] A’ Mx = M
where x needs to be free in M for the n reductions.

Since pp.(oy, ..., 0,) corresponds to the initial F, G-dialgebra for
P(A) = (i[Afpl.....olAfp)  and  G(A)=(A,...,A),

for any type 7 and any terms M; : o[r/p] — 7 (i = 1,...,n) there exists a unique morphism N
which make the following diagrams (i = 1,...,n) commute.
C,up.(crl,...,an),i
Ui[ﬂp‘((jl?""?o’n)/p] — > :u’p'(o-la"'-uo'n>
| |
ai[N/p] | a N
| |
ai[1/p] -7
M;

N is given by the iterator as Jip‘(gl,m,gn),TMl ... M,. From the commutativity, we have the following
equality.

..........



where L is a term of type o;[up.(01,...,0,)/p]. Reducing the number of constructors is a good

strategy for normalizing terms, so we have a reduction rule of rewriting the left-hand side by the
right-hand side.

Jﬁp.(al,.,.,an),TMl e Mn(cﬁp.(al,...,an),iL) = Mi(U[Jﬁp.(Ul,...,Un),TMl s Mn/p]L>

When 7 is pp.(01,...,0,) and M; is Cyp (oy,....0n),> the commutative diagram is

Cun(ol,-.-,an),i

Ui[ﬁp.(al,‘...,an)/p] = - ,up.(al,‘...,an)
| |
oi[N/p] @ N
| l
oilpp-(o1,...,00)/p - pp.(01,...,00)

Cun(ol,...,crn),i

N should be the identity morphism, so we have the following reduction rule.
Jﬁp.(o'l,...,O'n),’TCHp.(O'1,...,O’n),l cee Cﬁp.(al,...,an),n = )\xﬁp‘(Ul,mﬂn).x

The two reduction rules cannot exactly characterize pp.(o1,...,0,) to be the initial F, G-dialgebra
since the uniqueness condition is essentially a conditional equation, but as far as its computational
aspect is concerned they seems to be enough.

Dually, for fip.(oy,...,0,), we have the following two reduction rules:
Dﬁp.(al,...,an),i(Pﬁp.(al,...,o'n),TMl cee MnL) = Ui[Pﬁp.(al,...,on),TMl s Mn/p](MzL)

and
P

— _ 71p-(015.s On)
7ip-(01,ms0n) 7 Diip. (01, 00)1 - - Drp.(o1,.som)m = AT L.

Finally, we have some reduction rules for functors o[M/p]. Like the product functor f x g can be
expressed by (f oy, g o m), we transform o[M/p| into terms containing J, C, P and D. In the
following rules, let M be a term of type 7 — 7'.

p[M/p] = M
v|M/p| = \x°.x (where p # v)
(0 — 0")[M/p] = Aal /Pl A pyo Ikl o [N f pl ( (o [M [ p] y))
(o, .. 00)[M]pl = o (orir /),y (orlr 1)) M- - My
(where M; is Aailr/ellelonleh ) o o a(oilpv-(oa [l ) V)M p) @)
av.(ov,...,00)[M/p] = Pa.o11/0),..)5wv-(o117 /0, ) M1 - . My,
(where M, is )\:):ﬁ”'(‘”h/p}"“).ai[ﬁy.(al [T/p],...)/V] [M/p](Dﬁ,,_(gl[T/p]r_)J:v))

We have some obvious propositions.

Proposition 2.5: For a term L of type o, if there is a reduction L = M, M also has the type o,
where = is the transitive version of =. [

Proposition 2.6: If p does not occur in o, then o[M/p] = A\z°.z for any term M. |



This means that constant functors always give identities.
Proposition 2.7: For any type o with a free variable p, o[Ax".2/p] = M\y°l/7ly. |

This means that identities are always mapped to identities by o, which is one of the conditions for
o being a functor.

Now, we have two important theorems about our reduction system: strong normalization and Church-
Rosser. Because we only use primitive recursions, any term can be reduced to a normal term which
cannot be reduced any more. In fact, any reduction leads to a normal term.

Theorem 2.8: (Strong Normalization Theorem) The reduction is strongly normalizing, that
is, there is no infinite reduction sequence Ly = Ly = Ly = - = L, = ---. |

Furthermore, any reduction leads to a unique normal term.

Theorem 2.9: (Church-Rosser Theorem) The reduction is Church-Rosser, that is, if L = M
and L = N, there exists a term K such that M = K and N = K. ||

Because we have the strong normalization theorem, the Church-Rosser theorem follows from the
following lemma (see [6] proposition 13.1).

Lemma 2.10: If L = M and L = N, there exists a term K such that M = K and N = K.
Proof: All we have to do is to check any overlapping of two reduction rules. For example,

Jﬁp.(m,...,an),TMl ... Mn(cﬁ/,_(glr_.,an),i[/) = Mi(o'[Jﬁp.(al,...,an),er . Mn/p]L>
and

pp-(015-.,0n)
JHP~(UI7--'70n)770ﬁp-(01:-~~:0'n)71 s Cgﬂ(dlw-,dn),n = Azk "x

overlap, that is, there a term to which both rules can be applied, but we can easily show that two
resulting terms can be reduced to the same term.

/\

Ci(o;[JCy ... CL/p]L (Azx.z)(C;L)

\/

Ci(0;]JCy ... C,/p|L) = C;L follows from JC ...C, = A\z.z and proposition 2.7. We can check all
the other overlappings similarly. |

The strong normalization theorem follows intuitively from the fact that we use only primitive recur-
sion. In the reduction of J,, (4,... 0,), We reduce the number of constructors C,, (5,,...0,),i; Whereas
in the reduction of Pﬁp.(alr._;n)ﬁ we reduce the number of destructors Dﬁp.(ghn,’gnf),i. Therefore, there
is no way we can continue reducing any terms. Formally, we prove the normalization theorem by
Tait’s computability method [6, 12]. First, we define the notion of computable terms by induction on

types.

Definition 2.11: (Computability)



1. M : 0 — 7 is computable if M N : 7 is computable for any computable term N : o

2. M : pp.(01,...,0y) is computable if M is strongly normalizing and M = Clup.(o1,..0n),iLe sUCH
that L : o[pup.(o1,...,0,)/p] is computable. -

3. M : @mp.(01,...,04,) is computable if M is strongly normalizing and
M :*> Pﬁp.((J’h...,o’n)ﬂ-Nl T NnL
such that for any ¢

Diip (or.on)i(Piip.(or,on) e N1 - - - Np L) = o3[fip.(01, ..., 00)/p]

is computable. ||

Note that the definition is inductive in another sense as well. The definition of computable terms of
pp.(o1,...,0,) depends on itself. We take the least fixed point of this self recursive definition, i.e.
starting with the empty set of computable terms, we increase the set by applying the definition.

PCSHCSHC---CS, TS C---

where S, 11 is obtained by applying the definition to S,. Since the definition is monotonic, there is a
least fixed point. This process also provides the measure function over the computable terms which
assigns for each computable term M an ordinal o where S, is the first set which contains M. On the
other hand, we take the greatest fixed point for the definition of computable terms of fip.(o1, ..., 0,).

It is easy to see that
Lemma 2.12: If M is computable, M is strongly normalizing. ||

Therefore, all we have to prove is that any typed term is computable. This is proved by structural
induction. One of the lemmas we need is the following.

Lemma 2.13: Jﬁp,(gh__’(,n)fMl ...M,N is computable if My,..., M, and N are computable
Proof: N is a computable term of yp.(0y,...,0,). We prove the lemma by induction on the ordinal

associated with N. Because N is computable, N = C;L. Therefore, any reduction sequence of
JM ... M,N should be

JM; ... M,N = JM! ... M.(C;L) = M!(o:[JM, ... M /p|L).

Because the functor o; only applies JM] ... M, to a term of up.(01,...,0,) in L whose ordinal is
smaller than that of V (formally, we have to prove this), from induction hypothesis o;[JM] ... M/ /p|L
is computable and M/(o;[JM] ... M/ /p|L) is computable as well. Therefore, JM; ... M,N is com-
putable. |

We have the similar lemmas for Py, (s,....0,),r and Az?.M. From these lemmas,
Lemma 2.14: Any typed term is computable.
Hence, we have proved the strong normalization theorem.

Although we have the strong normalization theorem and the Church-Rosser theorem and, therefore,
the equality of two terms is decidable, this does not mean that the equality of two computable (or
more weakly, primitive recursive) functions is decidable. The equality of lambda terms are defined by
“two lambda terms reduce to the same lambda term”, but the reduction rules do not capture all the
equality of computable (or primitive recursive) functions. Remember that we defined pp.(01,. .., 05)



to be the initial F, G-dialgebra and we put the commutativity of diagrams, but we did not put the
uniqueness, or we could not put it. Therefore, the equality derived from the reduction is weaker. In
other words, if we regard the reduction rules as the operational semantics of our lambda calculus
and the initial and final F, G-dialgebras as the denotational semantics, the denotational semantics is
not fully abstract.

3 Examples

In this section, we show some types which we can define in our lambda calculus.

Example 3.1: The type corresponding to the initial object is defined by ) = pup.(). There are
no constructors and Jy, :  — o gives the unique morphism from ) to any type o. Dually, the
type corresponding to the terminal object is defined by 1 = 7ip.(). There are no destructors and
P, : 0 — 1 gives the unique morphism from o to 1. There is an element in 1. In fact, there is only
one element in 1 in some sense. Let us write * for PLlﬂl)\:cl.x which is an element of 1. Actually,
we can use any element of 1. The choice does not affect the computation. |

Example 3.2: The product of two types, o and 7 can be defined as o x 7 = fip.(co, 7). We have two
projections.
T =Dyxrn 1 0XT—0 Mo =Dyxra 1 OXT—T

If M is a term of type o and N is a term of type 7, we can define a term (M, N) of type o x 7.
(M,N) = P, Mx'. M)(Ax' . N)*x :oxT
We have the following reduction.
T (M, N) = Dysri(Prxri(Ax.M)(Az.N)*) = (Az.z)((Ax.M)*) = M
Similarly, we can show that m5(M, N) = N. However, we do not have
(miM, oMy = M

because we did not code the uniqueness condition in our reduction rules. We could have coded
products specially, but then, we lose the generality of our lambda calculus. |

Example 3.3: Dually, the coproduct of o and 7 is defined as 0 + 7 = pp.(0, 7). Two injections are
defined as follows.

W=0Copr1 10—=0+T i9=Coiro :T—0+T
Joir, satisfies the following reductions.

JoirwMN (L) = Joir y MN(Cyia L) = M((Az.x)L) = ML
JosrwMN(1,L) = NL |

Example 3.4: Let us define the natural numbers in our lambda calculus. The type is defined by

w = pp.(1,p).

This definition is closely connected to the definition in domain theory where the domain of natural
numbers is defined as the least fixed point of N = 1+ N. Our p is the least fixed point operator.



The only difference is that we use a sequence (1, p) instead of coproduct 1 + p. Our approach is in
this way connected to algebraic specification methods where the type of natural numbers is defined
as the initial algebra of one constant and one operator. The elements are generated by zero and the
successor function which are defined in our lambda calculus as follows:

0=Cp1*x 1w succ = C2 ' W —w
Ju o gives us almost the ordinary iterator but its type is
oo 1 (1—0)—>(0c—0) —w—o.
We can define the ordinary one by this J,, , as follows.
Jy = dz yInJ, . \ex)yn 0 — (0 —0) s w—0
It satisfies the usual reductions:
JoMNO = J, (A2 M)N(C,1%) = (A\o.M)((Az.x)%) = M

and
JoMN(succL) = J,(Az2.M)N(Cy5L) = b(Juos(A2.M)NL) ~ N(J,MNL)

where = is the equivalence relation generated by =. Using J,, we can define all the primitive
recursive functions. For example, the addition function can be define as

add = A\n.dm.J,msuccn :w—w— w.

We can demonstrate, for example, add(succ zero)(succ zero) = succ(suce zero). [

Example 3.5: As [11] and [13], we can define the type for ordinals by Q = pp.(1,w — p). We only
check whether our definition of the iterator coincides with the ordinary one.

Q= pp.(Lw— p)

O =Cqax : Q2

sup=Cos : (w— Q) - w

Joo t(1—0)—=(w—0)—0)—Q—0
Jo.o(Ar.M)NOqg = (A\z.a)((A\zr.x)*) = M

Joo(Ar.M)N(sup L) = N((w — p)[Ja.(Ax.M)N/p|L)
= N((A\y.Az.Joo(Az.M)N(yz))L) = b(Az.Jqq.(Az.M)N(Lz)) I

Example 3.6: Finally, the type for finite lists can be defined by L, = pp.(1,0 x p) with

nil=0Cp, 1+ @ L, cons=Cr, 9o 10xL,— L,

Jgr (1—=7)—=(oxT—>7)—> L, =71
whereas the type for infinite lists can be defined by I, = fip.(o, p) with
head=Dy, I, — o0 tail= Dy, o 1, — I,

P, (1—o)=(T—71)>17—1,

head(Py, ,MNL) = ML tail(P,, - MNL) = P, .MN(NL).



The type for infinite lists is quite exciting to play with. The following lambda term gives us the
infinite sequence of zeros
inf = P, ,(A\x¥.z)(Az*.x)zero,

whereas the following gives us the infinite increasing sequence 0,1,2,3, .. ..
inc = Pp, ,(Az®.x)succ zero
We can merge two infinite sequences by choosing elements alternatively by the following function.
comb = Pr_ ;, «1, (head o m1)(Pr, 1,1, x1,m2(tail o 1))
where M o N is Ax.(M(Nz)). We can demonstrate, for example, that

head (tail(tail(tail(comb inf inc)))) = succ(succ zero) I

We could give many other examples: boolean, trees, automata, co-natural numbers, . ...

4 Comparison with Other Lambda Calculi

While writing this paper, the author was communicated to [8, 9] where recursive types are introduced
into first-order and second-order typed lambda calculi. They use least fixed points and greatest fixed
points as we do, but their recursion combinator R has a different type from ours.

M:(p—>71)—0—T
Ry (Mlpp.o/pl) s ppo — 7

The author cannot give a clear connection between our iterator and theirs. In addition, they take
fixed points over a single type expression and, therefore, they need some basic type constructors like
1 and +, whereas in our lambda calculus there are no basic type constructors.

Although we discarded the coproduct and product type constructors from basic type constructors, we
still have one basic type constructor, namely the arrow type constructor ¢ — 7. Since typed lambda
calculi are all about arrow types, it seems impossible to start calculi without it, but from a category
theoretic point of view, the arrow type constructor can be defined as the right adjoint functor of the
product type constructor so it might possible to start calculi without the arrow type constructor. In
[4], the author showed that the arrow typed constructor can be defined by F, G-dialgebras, but how
it can be defined in lambda calculi still has to be investigated.

The second order lambda calculus can be started without basic type constructors and it has been
shown that recursive types which can be defined by least fixed points of type expressions can be
defined in the calculus. The coding of recursive types is a generalization of the coding of Church
numerals in untyped lambda calculus. The author does not know whether it is possible to code up
greatest fixed points as well.

5 New ML?

We might say that ML is based on a simply typed lambda calculus as we might say that LISP is
based on the untyped lambda calculus. The type structure of ML depends on the version of ML we
are talking about. If we are talking about the original ML developed with LCF [3], it has some base
types, product, disjoint sum, integer, etc. , and has ability to introduce new types via recursively

defined type equations. For example, the data type for binary trees whose leaves are integers is
defined as



absrectype btree = int + (btree # btree)
with leaf n = absbtree(inl n)
and node(t1,t2) = absbtree(inr(tl,t2))
and isleaf t = isl(repbtree t)
and leafvalue t = outl(repbtree t)
and left t = fst(outr(repbtree t))
and right t = snd(outr(repbtree t));;

Here, we need the coproduct type constructor ‘+’ as a primitive. We cannot do without it, whereas
‘int’ can be defined in terms of others primitives (ML has it as a primitive type just because of
efficiency).

At the next evolution of ML which yielded the current Standard ML [5], we discovered that the
coproduct type constructor is no longer needed as a primitive. Standard ML has a ‘datatype’
declaration mechanism by which the coproduct type constructor can be defined as follows:

datatype ’a + ’b = inl of ’a | inr of ’b;

A datatype declaration lists the constructors of the defining type. An element of “>’a + ’b’ can be
obtained by either applying ‘inl’ to an element of ‘’a’ or applying ‘inr’ to an element of ‘’b’. Data
type declarations exactly correspond to our pp.(o1,...,05).

datatype ’a + ’b =
inl of ’a | inr of ’b
inl <~ CO-+T71
inr <— Coiro

= o+71=pp.(0,7)

We can define the data type for binary trees in Standard ML as follows.

datatype btree = leaf of int | node of btree * btree;

The symbol ‘|’ is just like ‘+’, but we shifted from the object level of the language to the syntax
level. Note that we no longer need the separate definition of ‘leaf’ or ‘node’. We can define the
other functions using case statements.

exception btree;

fun isleaf t = case t of
leaf _ => true
| node _ => false;
fun leafvalue t = case t of
leaf n => n
| node _ => raise btree;

fun left t = case t of
leaf _ => raise btree
| node(t1,t2) => ti1;

fun right t = case t of
leaf _ => raise btree

| node(t1,t2) => t2;



We get rid of the coproduct type constructor from the primitives, but Standard ML still needs the
product type constructor. From a category theoretic point of view, we can sense asymmetry in
the type structure of Standard ML. Let us remember that our lambda calculus needs neither the
coproduct type constructor nor the product type constructor as a primitive. We should be able to
introduce the symmetry of our lambda calculus into ML. Let us imagine the next stage of the ML
evolution and define Symmetric ML.

Primitives Declaration Mechanism
ML | ->, unit, #, + | abstype
Standard ML | =>, unit, * datatype
Symmetric ML | -> datatype, codatatype
CPL in [4] left object, right object

ML Evolution

Remember that datatype declarations correspond to pp.(oy,...,0,). We list constructors for types.
In order to get rid of the product type constructor from primitives, we should have a declaration
mechanism which corresponds to fp.(o1,...,0,). Its syntax is

codatatype TypeParam Typeld =
Id is TypeFxp & ... & Id is TypeFxp;

A codatatype declaration introduces a type by listing its destructors. The product type constructor
can now be defined as follows:
codatatype ’a * ’b = fst is ’a & snd is ’b;

where ‘fst : ’a * ’b -> ’a’ gives the projection function to the first component and ‘snd : ’a * ’b ->
gives the projection function to the second component. If the declaration is recursive, we do not

take the initial fixed point of the type equation but the final fixed point. This is firstly because of
symmetry and secondly because the initial fixed points are often trivial. Because of this, we can
define infinite objects by codatatype declarations. For example, the following declaration gives us

the data type for infinite lists.

codatatype ’a inflist = head is ’a & tail is ’a inflist;

If we took the initial fixed point, we would get the empty data type. The definition is exactly
corresponds to I, = fp.(o, p).

Obviously we have destructors for co-data types because we declare them, but how can we construct
data for co-data types? We had case statements for data types, so we have ‘merge’ statements as
dual. Its syntax is

merge Destructor <= Exp & ... & Destructor <= Exp

For example, the function ‘pair’ which makes a pair of given two elements can be defined as follows.

fun pair(x,y) = merge fst <= x & snd <= y;

As a more complicated example, we might define a function which combines two infinite lists together.

fun comb(11,12) = merge head <= head 11



& tail <= comb(12,tail 11);

As we use pattern matching to declare functions over data types, we can also use it to declare
functions over co-data types. For example, an alternative definition of ‘comb’ may be

fun head comb(1l1l,_) = head 11
& tail comb(1l1,12) = comb(1l2,tail 11);

Conclusions

We have introduced a simply typed lambda calculus with categorical type constructors and demon-
strated that we can define various types which had been defined as primitives before. Therefore, our
normalization theorem covers the normalization theorems for other simply typed lambda calculi: a
typed lambda calculus with natural numbers, a typed lambda calculus with ordinals, and so on.

The lambda calculus we presented in this paper is a direct derivation of author’s work on a Categorical
Programming language [4] where a functional programming language CPL has been introduced. CPL
is a categorical-combinator-style programming language which has a uniform categorical datatype
declaration mechanism. CPL is more general than the lambda calculus we presented here in a sense
that CPL does not need — to be a primitive type constructor. It can define it as the right adjoint of
the product functor. It seems that the difference comes out from the fact that the category theory
distinguish morphisms from elements of exponential types, whereas lambda calculi not. In lambda
calculi (or functional programming languages based on lambda calculi), functions are always treated
as closures.

An experimental version of CPL has been implemented. Whether the codatatype declaration mech-
anism will be adopted to ML or not remains to be seen, but the author believes that it is an elegant
answer to lazy types in ML.

The connection between initial fixed points and final fixed points is quite interesting to investigate.
For example, the type of natural numbers as the initial fixed point of N = 1+ N is associated with
primitive recursion, whereas the type of natural number as the final fixed point of the same equation
(we call it co-natural number object) is associated with general recursion.

Neither the lambda calculus we defined here nor CPL has not yet been mixed with dependent types.
This has to be investigated in the future.
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