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TYPES IN COMBINATORY LOGIC!

LUIS E. SANCHIS

The introduction of types in a formal system amounts to giving a clas-
sification of the entities of the system in categories, in such a way that the
category of complex entities is determined by the categories of others that
are simpler. In applications this procedure is used to define the class of
formal entities that are propositions, i.e., those for which the rules of the
propositional and predicate calculus are valid. In most systems the rules
governing types are trivial, and it seems there is little interest in the study
of those rules in a more general setting. In combinatory logic the situation
hasevolved in a different way. Curry has studied inseveral papers a theory
of functionality.? In this system the combinators are allowed to belong to
many distinct types; this is an important difference from ordinary type
theories in which an entity belongs at most to one type. As a consequence
the theory is not trivial, and very elaborate arguments are used in [7] to
prove some fundamental properties.

In this paper the results of [7] are extended in several directions. For
this purpose some properties of pure combinatory logic are necessary.
Some of them are available in [7] or [9]; others are new, and the proofs are
given in detail.

1. The system T'. We shall consider a system of combinatory logic in
which there are three primitive combinators: S, K.and I, and possibly other
atoms.® The atoms that are not combinators are called indeterminates.
Combinations are the following formal entities: the primitive combinators
and indeterminates are combinations; if X and Y are combinations, then the
ordered pair consisting of X and Y in that order is also a combination which
is denoted (XY).* When writing expressions denoting combinations we shall
omit certain parentheses with the understanding that the association is to
the left; parentheses at the end and at the beginning of an expression are
also omitted. In this way any combination can be expressed in a unique way
in the form X,... X, ({ = 0), where X, is a primitive atom, called the lead-
ing atom of the combination. This can be shown easily by induction on the
structure of the combination.

Sometimes we shall say that a combination U is a part of a combination
X and that Y is obtained by replacing the part U by the combination V. We
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assume that the meaning of this process is clear. For a more technical
definition the reader is referred to [7].

Letters X,Y,Z,U,V, .., with subscripts if necessary, will be used to de-
note arbitrary combinations; letters x,y,z,4,v to denote indeterminates. By
X =Y we mean that X and Y are the same combination.

Given a combination X and an indeterminate x we define a combination
[x ]X by the following inductive rules:

a) If X =x then[x}X = |
b) If X is an atom distinct from x then [x]X =KX
) IfX=YZ,U=[x]Y, V=[x]Z then [x]X = SUV.

Now if X is a combination, and for » > 1, x,,..., %, are indeterminates,
we define [x, ..., x,0X =[x, x5, ..., x,_, ] X.

We need also the following definitions. ¥ X = X,. .. X, where X, is the
leading atom, then any combination X,... X; for ¢ =1 is called a head of X.
If X, is an indeterminate we say that X is a closed combination. If X is of
one of the forms: S, K, I, SU, SUV, KU we say that X is an open combina-
tion. A combination that is neither closed nor open is said to be reducible.
If Y is a combination obtained from X replacing a part U by V, where URV
is a case of one of rules (S), (K) or (I) introduced later, we say that Y is
obtained by a contraction. If U is a head of X it is said to be a head con-
traction, otherwise an internal contraction.

To avoid writing long expressions we use abbreviations as follows:

B = S(KS)K
% =B(BS)B
J = SB(KI)

In the system I' we shall define several binary relations by giving
rules, with the understanding that the relation holds in a particular case
only if that follows by a finite number of applications of the rules. To sim-
plify the definitions we state several rules for an unspecified binary rela-
tion R.

Rule(p) XRX

Rule(0) IfXRY then YRX

Rule(r) If XRY and YR Z then XR Z
Rule(n) If XRY then ZXR ZY

Rule(v) If XRY then XZ R YZ

Rule (S) SXYZ R XZ(YZ)
Rule (K) KXYRX
Rule (1) IXRX
Rule (C1) BS(BK) R S(KK)J

Rule (C2) B(BS)(BS(BS)) R ®B(B(®5)S)(KS)
Rule (C3) B(S(BBS)(KK))K R BK

Rule (C4) B(BJ)SR S
Rule (C5) BJK R K
Rule (C6) SK R Kl

Rule (C7) S(K) RJ
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Rule (C8) S(K)RI

Rules (S), (K) and (I) are called reduction rules and rules (C1)-(C8) are
called combinatory rules.

Theorem 1. If Ry iS a binary velation defined by a subset of the vules
for R that contains vules (p), (1), (1), (v), some reduction and combinatory
yules, but not vule (o), then for arbitrary combinations X and Y, X Ry Y if
and only if theve is a sequence of combinations X,,...,X withk =1 such
that X,= X, Xy = Y and for i = 1, X; is obtained from X;., by veplacing a
part U by V wheve U Ry V is a case of one of the reduction or combinatory
rules in the definition of Ro.

Necessity follows by induction on the derivation of X Ry, Y. To prove
sufficiency it is enough to consider the case 2 = 2 and in this case the proof
is by induction on the structure of X.

When rule (o) enters in the definition of R, we obtain a similar property
requiring that either U R,V or V R, U is a case of one of the reduction or
combinatory rules in the definition of R,.

The binary relation defined by rules (p), (1), (), (v), (S), (K), and (I) is
called reduction and is denoted by X=Y.

The binary relation defined by rules (p), (o), (1), (w), (v), (8), (K), (1)
is called a-equality and is denoted X =4 Y.

The binary relation defined by rules (p), (o), (1), (W, (), (8), (K), (C1),
(€2), (C3), (C4), (C5) and (C6) is called B-equality and is denoted X =g Y.

The binary relation defined by rules (p), (o), (1), (1), (), (S), (K), (C1),
(c2), (C3), (C6), (CT) and (C8) is called equality and is denoted X = Y.

Let X and Y be two combinations and x an indeterminate. The combi-
nation [Y/x]X, called the result of substituting Y for x in X, is defined in—
ductively as follows:

a) If X=x then [Y/x]X=Y
b) If X is an atom distinct from x then [Y/x]X=X
o) If X=Yz,U=|Y/x]Y, V=[Y/x]Z, then [Y/x]X = UV.

Lemma 1. (] XY =[Y A ]X.

The proof, by induction on the structure of X, is easy.
The following two lemmas were proved by Rosser in his dissertation.®

Lemma 2. If X = Y, then theve is a combination Z such that Z is ob-
tained from X by a sevies of head contractions and Y is obtlained from Z by
a sevies of internal contractions.

Lemma 3. If X =, Y, then theve is a combination Z such that X = Z
and ¥ = Z.

The rules for the equality relations are formulated in such a way that
some extensionality properties are valid. These properties are expressed
in the following two theorems. Since they are not important for the problem
considered in this paper the proofs are only outlined.”
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Theorem 2. The following properties hold for B-equality:

(i) If X =, Y then X=gY
(i) If X does not contain x then [x]X =g KX
(iii) If X is an open combination then theve are combinations Y and Z
such that X =8 SYzZ
(iv) If X is an open combination not containing x then
X =5 JX =g BXI =g S(KX)I =g [x](Xx)
WM IfX=g Y then [x]X =3 k1Y
(vi) If X and Y are open combinations not containing x and Xx = Yx
then X =B Y

To prove (i) we need only to show that rule (I) holds for B-equality and
this follows from rule (C6). Part (ii) follows by induction on the structure
of X using rule (C3), and part (iii) using rules (C4), (C5) and (C6). For part
(iv) use part (iii), rule (C4) and the definitions. Part (v) follows by induction
on the derivation of X =3 Y, and part (vi) using parts (iv) and (v).

Theorem 3. The following properties hold for equality:

(i) If X does not contain x then [x]X =KX

(ii) If X does not contain x then [x](Xx) =X

(iid) If X = Y then [x]X = [x]Y

(iv) If x does not occur in X or Y and Xx = Yx then X = Y.
W IFX=g YihenX =Y.

Parts (i) and (iii) are proved as in Theorem 2. Part (ii) follows from
rules (C7) and (C8). Part (iv) is proved using parts (ii) and (iii). To prove
part (v) we need only to show that rules (C4) and (C5) are valid for equality.
For this use part (iv).

2. Some properties of reduction. In this section we shall consider
some relations between reduction and equality. These results will be used
later in the study of normal combinations.

Lemma 4. If X reduces to xX, ... X} by head contractions, and X =Y,
then Y reduces by head contractions to a combination xY, ... Yy such that
X,‘ =a Y,'.

We have xX,... X} =¢ Y, hence by Lemma 3 there is a combination Z
such that xX,...X»=Z and Y =Z. Clearly Z has to be of the form
xZ,... Zr, where X; = Z,. Further by Lemma 2 there is a combination Z’
such that Y reduces to Z' using only head contractions, and Z’ reduces to Z
using only internal contractions. Hence Z’ has to be of the form xY,... Y,
where Y; = Z;. From this it follows that X; =4 Y.

Lemma 5. If X veduces by head contractions to an open combination,
and X =4 Y, then Y also veduces by head contvactions to an open combina-
tion.

The proof is similar to that of Lemma 4.
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Lemma 6. If X reduces by head contractions to an open combination,
and Y is obtained from X by veplacing occurrences of U by V, where either
UR Vor VRUis acase of one of vules (C1)-(CT), then Y also reduces by
head contractions to an open combination.’

The proof is by induction on the number of head contractions in the re-
duction of X. First suppose that U does not occur as a head of X replaced
by V: then if X is open, Y is also open and if X is reducible, Y is also re-
ducible, and the same head contraction can be performed in both X and v,
and after this the induction hypothesis can be applied. Hence we may sup-
pose that U is a head of X replaced by V. Then X =UU,... U, and Y =
VV,...Vyr where V; is obtained from U; by replacing occurrences of U by
V. Now the following property can easily be checked for each of the rules
(C1)-(CT): depending on %k, either both X and Y reduce to an open combina-
tion, or they reduce by head contractions to combinations X' and Y’, such
that there exists a combination Y’’, obtained from X’ by replacing occur-
rences of U by V, and Y"" =, ¥’. By the induction hypothesis Y’ reduces
by head contractions to an open combination, hence by Lemma 5, Y’ (and Y)
reduces to an open combination.

Theorem 4. If X veduces by head contractions to an open combination,
and X = Y, then Y also veduces by head contractions to an open combina-
tion.

We know there is a sequence X,,..., X;, where X, =X, X, = Y, and for
i > 1, X; is obtained from X;., by replacing one occurrence of U by V where
either U=g V or V =g U is a case of one of rules (8), (K), (1, (c1)-(Cs6) .
The proof is by induction on . The case ¢ = 1 is trivial. For ¢ > I we have
either X,_, =4 X;, in which case we use Lemma 5, or X; is obtained from
X,_, by a replacement corresponding to one of rules (C1)-(C6) in which case
we use Lemma 6.

Lemma 7. If X reduces by head contractions to a closed combination
xX1...Xy, and Y is obtained from X by rveplacing occurrences of Uby V,
where UR V or VRU is a case of one of rules (C1)- (CT), then theve ave
combinations Y,,..., Yr wherve Y; is obtained from X; by replacing occur-
vences of U by V, and Y rveduces by head contractions to a closed combina-
tion xZ,... Zy, wheve Y; =y Z;.

The proof is by induction on the number of head contractions. First
suppose that U does not occur as a head of X replaced by V; then, if X is
closed the lemma is trivial, and if X is reducible the same head contraction
can be applied to both X and Y, and after this the induction hypothesis can
be applied. Hence we assume that U is a head of X replaced by V. By the
argument used in the proof of Lemma 6 it follows that X reduces by head
contractions to a combination X', and Y reduces to a combination Y’, such
that there exists a combination Y'’, obtained from X’ by replacing occur-
rences of U by V, and Y'' =, Y'. By the induction hypothesis and Lemma 4
the lemma follows.
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Theorem 5. If X veduces by head contractions to a closed combination
x¥Xy... Xy, and X =g Y, then Y reduces by head contractions to a combina-
tion xY,... Yy, where X; =3 Y;.

The proof is similar to that of Theorem 4 using Lemmas 4 and 7.
Corollary. If X =g X then X = x.

Lemma 8. If X veduces by head contractions to a closed combination
xX,1... Xy, and Y is obtained from X by replacing occurrences of I by S(Kl),
then theve are combinations Y,,..., Yr, wheve Y; is obtained from X; by
replacing occurvences of 1 by S(KV), and for any indeterminate y, Yy
reduces by head contractions to xY,... Yry.

The proof is by induction on the number of head contractions, and we
need to consider only the case in which | is a head of X replaced by S(KI).
In this case it is easy to check that X and Yy reduce by head contractions to
combinations U and Vy where V is obtained from U by replacing occurrenc-
es of | by S(KI). Using the induction hypothesis the lemma follows.

Lemma 9. If X veduces by head contractions to a cowmbination
xX,... Xy, and Y is obtained from X by replacing occurrences of S(Kl) by
|, then Y veduces by head contractions to a combination xY,... Y, where
Y; is obtained from X; by veplacing occurrences of S(KI) by I.

The proof is similar to that of Lemma 8.

Theorem 6. If X veduces by head contractions to a combination
xX;... Xy, and X =Y, then for some n = 0, given indeterminates Yi,..., Vn,
the combination Yy,... 3y, rveduces by head contractions to a combination
xYy... Y, Uy... U, wheve X; = Y; and U; =y;,i=1,...,k,j=1,..,n

The proof is similar to that of Theorem 4, using Theorem 5 and Lem-
mas 8 and 9.

Corollary. If X =Y, X=xX,... Xp, Y=9yY,... Yy, thenk =t,x =9y and
X,' = Y,

3. Normal combinations. In the system of lambda conversion combina-
tions in normal form play a special role. A similar notion has been intro-
duced in combinatory logic using strong reduction. In this section the class
of normal combinations is introduced by an intrinsic definition that is inde-
pendent of the algorithm used for the abstraction operator. Only the defini-
tion of the normal form of a normal combination depends on that algorithm.

First we introduce two new algorithms for abstraction that are more
convenient for the purposes of this section. The first, called the strong
algorithm, is defined by the following rules:

a) If X=x then [x]X = |

b) If X does not contain x then [x]X = KX

c) If X = Yx, wheve Y does not contain x, then [x]X =Y
d Ifx=vz,U=|x]Y, V=[x]Z, then [x]X = SUV
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The weak algorithm is obtained dropping rule c). When two different
rules can be applied to a combination, the earliest rule in the list is to be
applied.

Lemma 10. If Y = [y/x]X wheve y does not occur in X then [x]X = [y]Y,
for the weak and strong algorithms.

The proof by induction on the structure of X is easy.
Lemma 11. If x does not occur in Y, and is distinct from y, then

[xY/v]x = [v/y]lx]x

The proof is by induction on the structure of X, and covers both the
strong and the weak algorithms.
(i) X is x. Then

x)Y/y]x = [x]x =1 = [v/y]l = [Y/y]x]X

(ii) X does not contain x. Then

xNy/v]1x = K([Y/y]X = [Y/yAKX =[Y/y]lx]X
(iii) X = Zx where Z does not contain x. Set U =[Y/y]Z. Then

[x)[Y/v]x = [x]ux = U= [v/x][x]x

(iv) X =UV. In this case use the induction hypothesis for U and V, and
the definitions.

We define now a special class of combinations, called normal combina-
tions. The definition is by induction according to the following rules that
associate with each normal combination a length and a degvee.

(i) Every indeterminate is a novmal combination of length 1 and de-
gree 0.

(i) If X=xX,... Xp, k=1, and X,,. .., Xy ave novrmal combinations
of lengths m,,..., my, vespectively, then X is a normal combination of
length 1 + max(m,, ..., my) and degree 0.

(iii) If X is an open combination and Xx is a normal combination of
length m and degvee n, then X is a novmal combination of length m + 1 and
degree n + 1.

(iv) If Y is obtained from X by a head contvaction and Y is a novmal
combination of length m and degree n, then X is a normal combination of
length m + 1 and degree n.

Lemma 12. If Y =[y/x]X and Y is a novmal combination of lengthm
and degvee n, then X is a novmal combination of length m and degree n.

The proof is by induction on m. Note that Y is open, closed, or re-
ducible if and only if X is open, closed, or reducible respectively. Cases
(i) and (ii) of the definition are trivial. Suppose X and Y are open. Then
for some indeterminate z, Yz is a normal combination of length m - I and
degree n- 1. Take an indeterminate w not occurring in X, and distinct from
x and y. Then
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Yz = [z/w]y/x](Xw)

hence, by the induction hypothesis, Xw is a normal combination of length
m - 1 and degree n - 1. It follows that X is a normal combination of length
m and degree n. If both X and Y are reducible, and reduce by a head con-
traction to X, and Y, respectively, then Y, =[y/x]X,. By the induction
hypothesis the lemma follows.

Lemma 13. If X is a novmal combination of length m and degree n,
then m and n ave uniquely determined.

The proof is by induction on m. All cases are trivial except when X is
open, and here we use Lemma 12.

The next step is to associate with every normal combination a normal
Jform invariant under the equality relations. This normal form depends on
the algorithm for abstraction. The normal form obtained with the weak al-
gorithm is called the weak normal form, and that obtained with the strong
algorithm is called the strong novmal form. The defining rules are as fol-
lows.

(1) If X is an indeteyminate the novmal form of X is X itself.

(i) If X =xX,... Xy, wheve X; is a novmal combination with normal
form U;, then xU,. .. Uy is the normal form of X.

(iii) If X is an open combination not containing the indeterminate x, and
U is the novmal form of Xx, then [x|U is the normal form of X.

(iv) If X is veducible, Y is obtained from X by a head contraction, and
U is the normal form of Y, then U is also the normal form of X.

For a fixed abstraction algorithm this definition assigns a unique nor-
mal form to each normal combination. In fact, from Lemma 12 it follows
that in part (iii) of the definition of the normal combinations the indeter-
minate x can be assumed not occurring in X; further from Lemma 10 it
results that the normal form is independent of the indeterminate x.°

Theorem 7. If X is a novmal combination of length m and degreen,
and %1, ...,x, ave distinct indeterminates not occurving in X,(0 = kb =n),
then Xx,...x veduces by head contractions to a normal combination Y, of
degree n - k, with novmal form U such that Y is open if k <n, and is closed
if B =n, and the normal form of X is|x,,..., x3|U.

The proof is by induction on 2, and covers both the weak and the strong

normal forms.
(i) and (ii) X = xX,...X;, t =0. Thenn =k = 0, and the theorem fol-

lows taking ¥ = X.

(iii) X is open, hence n > 0. For k = 0 the theorem is trivial. Assume
k> 0. Now Xx, is a normal combination of length # - I and degree n - I.
By the induction hypothesis Xx,... x, reduces by head contractions to a
combination Y, with normal form U, such that the normal form of Xx, is
[%5,..., x,]U. Further Y is open if - 1<#n- I1and is closed if k- 1=
n - 1. By definition the normal form of X is [x, ][x.,..., x;]U, and this is
[%,,..., x,]U by definition.
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(iv) When X is reducible the theorem follows immediately from the in-
duction hypothesis.

Theorem 8. If X is a novmal combination, and x,, ..., xp are distinct
indeteyminates not occurving in X, then Xx,. .. xp is a normal combination,
and the strong normal form of X is [xy,...,x: U wheve U is the strong
normal form of Xx, ... xp, and the strong algovithm is used.

That Xx,... x; is a normal combination follows easily from the defini-
tion and Lemma 12. The second part is proved by induction on the length of
X.

(i) and (ii) X = xX,...X;, ¢ = 0. The normal form of xX;...X,x,... X
is xU,... U;%;... x, where U; is the normal form of X;. Also the normal
form of X is xU,... U;. Since every indeterminate occurring in U; must
occur also in X;, we have by clause c) of the strong algorithm that

[0y ooy 2 ](xUL. .. Upxy. .. x) =xU,... U,

(iii) and (iv) The cases in which X is open or reducible follow easily
using the induction hypothesis and the definitions.

Lemma 14. If X is a normal combination of degree n, and X =g Y,
then Y is a normal combination of degree n.

The proof is by induction on the length of X.

(i) and {ii) X = xX,... X;, t =0. By Theorem 5, Y reduces by head
contractions to a combination xY,... Y, such that X; = 8 Y;; by the induction
hypothesis Y; is a normal combination. Since Y reduces by head contrac-
tions to a normal combination of degree 0 it is a normal combination of de-
gree 0.

(iii) X is open. By Theorem 4, Y reduces by head contractions to an
open combination Z. Then Xx =g Zx, and by the induction hypothesis Zxis
a normal combination of degree # - 1. Hence Z and Y are normal combina-
tions of degree n.

(iv) X is reducible. This case follows immediately using the induction
hypothesis.

Theorem 9. If X is a novrmal combination, with normal form U, and
X =g Y, then U is also the novmal form of Y.

The proof is by induction on the length of X and covers both the weak
and the strong normal forms. Suppose the degree of X and Y is » = 0. Take
indeterminates x,,..., x,, all distinct and not occurring in X or Y. By
Theorem 7, Xx,...x, reduces by head contractions to a combination
xX,... X, such that

[x1,..., x, KxU,... Up)

is the normal form of X and U; is the normal form of X;. Hence, by
Theorem 5, Yx,;...x, reduces by head contractions to xY,... Y, where
X; =g Y;. By the induction hypothesis U; is the normal form of Y;. Hence,
by Theorem 7, U is the normal form of Y.
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Lemma 15. If X is a normal combination, with strvong novmal form U,
and Y is obtained from X by veplacing occurvences of S(KIV) by 1, then Y is
also a normal combination with strong normal form U.

The proof is by induction on the length of X. Suppose X is of degree
n = 0. Take indeterminates x,,..., x¥,, all distinct and not occurring in X
or Y. Then Xx,...x, reduces by head contractions to a combination
xX,... X, with strong normal form xU,... Up, where U; is the strong
normal form of X;. By Lemma 9, Yx,... x, reduces by head contractions
to xY,... Y, where Y; is obtained from X; by replacing occurrences of
S(KI) by |. By the induction hypothesis U; is the strong normal form of Y;,
hence xU,... Uy is the strong normal form of Yx,... x,. It follows that Y
is a normal combination and by Theorem 8 the strong normal form of Y is

Us[xy,...,%, xUy... Up)

Lemma 16. If X is a normal combination, with stvong normal form U,
and Y is obtained from X by veplacing occurvences of 1 by S(KI), then Y isa
normal combination with stvong novmal form U.

The proof is by induction on the length of X. Suppose X is of degree
n = 0. Take indeterminates x,,..., X,,9, all distinct and not occurring in
X. Then Xx,...x, reduces by head contractions to a combination xX,... Xg,
with strong normal form xU,... Ux. By Lemma 8, Yx,... X,y reduces by
head contractions to a combination xY,... Yy, where Y; is obtained from
X, by replacing occurrences of | by S(KI). By the induction hypothesis the
normal form of Yx,... x,y is xU,... Upy, and by Theorem 8 the normal
form of Y is

(%1, 0, . y](xUy. .. Upw) =[x,..., x)(xU;... Up)
since y does not occur inxU, ... Uk.

Theorem 10. If X is a normal combination,with strong normal form U,
and X =Y then Y is a noymal combination with strong normal form U.

This follows from Theorem 9, Lemma 15 and Lemma 16 noting that
rule (C7) is valid for B-equality.

Theorem 11. If X is a normal combination of degree n, with noymal
form U, Y is a normal combination of degree 0 with novmal form V, y is
some indeterminate, and Z = [Y/y)X, then Z is a novmal combination of de-
gree n with novmal form [V/y]U.

The proof is by induction on the length of X, and covers both the weak
and the strong normal forms.
(i) X =xX,... Xy, k=0, where x is not y. Then Z = xZ,... Z; where
Z; =Y/y]X;. By the induction hypothesis Z; is a normal combination with
normal form [V/y]Ui, hence Z is a normal combination with normal form
lv/ylu.
(ii) X =yX,... X, #=0. Then Z=YZ,... Zp, where Z; = [Y/y]X.
By the induction hypothesis, Z; is a normal combination with normal form
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U;’ = [V/y]Ui, where U; is the normal form of X;. Since Y is of degree 0, it
reduces by head contractions to a combination x¥,... Y;, and V = xV,... V,
where V; is the normal form of Y;. Hence Z reduces by head contractions
to xY,...Y,Z,... Zx, which is a normal combination with normal form
xVy... V,Ui... U,. Since

[v/ylu= vU!.. . UY=xV,... VUL .. U"
i k 1

the theorem is proved in this case.

(iii) X is an open combination. Take an indeterminate x not occurring
in X or Y, and distinct from y. Let U, be the normal form of Xx. By the
induction hypothesis Zx = [Y/y ](Xx) is a normal combination of degree # - 1
with normal form [V/y]U,. Since Z is open, this means that Z is a normal
combination of degree n, and the normal form of Z is

[x)v/y]us = [v/ylix]u, = [V/y]U

by Lemma 11.
(iv) The case in which X is reducible follows easily by the induction
hypothesis.

Theorem.12. If X is a normal combination, and U is the strong (weak)
novmal form of X, then X = U(X =8 U).

The proof is by induction on the length of X. All cases are trivial ex-
cept when X is open. Here we apply the induction hypothesis, for equality
Theorem 3 (iv), and for B-equality Theorem 2 (vi), noting that for the weak
algorithm [x]U is always an open combination.

We have proved the properties of the normal combinations that are
needed for our subject. It is convenient here to make a remark about the
role of indeterminates in the definitions and proofs given in this section. It
is clear that in order to be able to show that a combination is normal we
must have at least one indeterminate in the system I'. The function of this
indeterminate is quite similar to that of variables in the predicate calculus
when used to prove closed formulas without free variables. In both cases
we use some kind of dummy element, to prove properties involving some
constants that are completely independent of that element. This also shows
that the process of proving that a combination is normal involves some kind
of quantification. Further, our proofs seem to require the existence of n
distinct indeterminates for arbitrary #, i.e. that we must have an infinite
set of indeterminates. This is not the case: for a given X, those proofs
describe inductions in which only a finite number of indeterminates is nec-
essary. We may say that for each given case, we extend our system adding
enough indeterminates in order to perform the induction described in the
proof. Since in all cases the properties proved are independent of the num-
ber of indeterminates in the system, we get a proof for the original system.

4. Normal combinations and logical paradoxes. Our system of com-
binatory logic allows us to construct complex functions out of the con-
stants given as primitives, and to derive equations that correspond to some
extensionality principles. The primitives are S,K,l and possibly other con-
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stants introduced with some intended meaning. With respect to the relations
studied in the preceding sections, these constants are of course indetermi-
nates. When speaking of constants, we shall exclude the combators §,K and
I.

To formalize the intended meaning of the constants we must introduce
new relations, with adequate defining rules. Suppose there is a constant P
representing implication, and that some class of combinations, called prop-
ositions, is defined in such a way that if X and Y are propositions then PXY
is a proposition, and if X is a proposition and X = Y, then Y is a proposition.
The definition of the combinations that are propositions involves several
difficulties. First we show that under some very general conditions the
system would become inconsistent. Suppose we have a unary relation de-
noted with the prefix |-, such that for arbitrary propositions X and Y the
following conditions are satisfied:°

(i) FP(PY(PYX))(PYX)
() If FX,and X =, Y, then FY
(iii) If FPXY, and FX, then FY

For a given proposition U, consider the combination
Z = [x] (P(xx)(P(xx) U) ]

The combination Z is intuitively a class; suppose we have defined the class
of propositions in such a way that the combination ZZ is a proposition.
Then we have

2Z2=P(zZ)(P(ZzZ)U) =z P(P(zZ)(P(ZzZ)U))(P(Z2Z)U)

FP(P(zz)(P(Zzz)U))(P(2Z)U) by (i)

FP(zz)(P(zz)U) by (ii)
FpP(zz)U by (iii)
Fzz by (ii)
U by (iii)

The preceding argument is just a generalization of the Russell paradox
due to Curry. It is easy to see that the combination ZZ is not normal. Now
suppose that the class of propositions has been so defined that every propo-
sition is a normal combination. We assume also that there is a constant
representing negation and the class of proposition is closed under negation.
In place of condition (i)we assume now some set of axiom schemata that are
tautologies in the usual sense, and take conditions (ii) and (iii) as the only
rules of derivation. The system so obtained is consistent. For if X holds
with some derivation, and U is the normal form of X, we can obtain a de-
rivation of |-U if in the derivation of - X we replace each combination by its
normal form. In this new derivation rule (iii) is not used, since combina-
tions in normal form are equal if and only if they are identical. Hence we
have a derivation in the sense of the predicate calculus; since the normal
form of a tautology is again a tautology, it follows that U is a tautology.

This consistency result is not specially deep, since no definition of the
class of propositions has been given that satisfies the requirements and is
acceptable on any reasonable grounds. Later it will be shown that if a
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classification in types is used in order to define the propositions, then the
requirement of normality is satisfied. Our aim here is to show that in
order to avoid certain kinds of paradoxes that involve only the propositional
calculus and rules for equality, we are not obliged, in principle, to intro-
duce types.

Suppose again a class of propositions has been defined in such a way
that the normality condition is satisfied. We want to introduce a universal
quantifier with the usual properties. Let 7 be a primitive constant repre-
senting the quantifier. We assume there are in the system atomic entities
with the properties of variables. Then, if X is a proposition and x is a var-
iable, the combination 7([x]X) is a proposition. We want the following rule:

(iv) If F7Y then FYU

where U is a combination satisfying some conditions. The problem now is
to give conditions in this rule to assure that the combination YU is normal.
For, even if Y and U are both normal, it may happen that YU is not normal.
For instance if we take both Y and U to be the combination Z defined at the
beginning of this section.

A possible solution would be to restrict U to be a combination of de-
gree 0. Then, by Theorem 11, YU is also a normal combination. In this
way we exclude open combinations from the range of the quantifier. Since
classes and functions are represented by open combinations, the system ob-
tained in this way would be similar to first order logic.

Another possible solution is to introduce types; this will be considered
in detail in the next sections.

5. Types in combinatory logic. The preceding discussion intended to
suggest the following conclusion: types are necessary to give conditions
for Y and U in order to secure that YU is a normal combination even if U is
of positive degree. In this section there is considereda formalization of the
theory of types of a very general character. In a forthcoming paper I hope
to apply the results obtained here to a more conventional system.

As before, the system I' consists of the combinations generated by
S,K,l and possibly some indeterminates. We consider also a set of formal
objects generated by an atom denoted by the letter F, and anon-empty set
of elements called atomic types. These formal objects are called fypes,
and are defined by the following rules:

a) Each atomic type is a type.
b) If @ and B are types, then the triple consisting of F, @ and B in this
ovder is also a type. This triple is denoted: Fap.

Lower case Greek letters will denote types. We also use the following
notation:"

F.ap...a,B for Fa,F,_,0... auB
where n > 1 and F,is F

We assume that with each indeterminate x of the system I'" a type « has
been associated, and x is said to be of type a. A relation between combina-
tions and types is defined by the following rules, where X and Y stand for
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arbitrary combinations, and ¢,8 and p stand for arbitrary types. For this
relation we use the notation: X/a which is read: X is of type a.

Rule (Ax) If x is an indeteyminate of type a, then x/a
Rule (§) S/FsFzapuFapap

Rule (K) K/F:apa

Rule (1) |/Faa

Rule (F) IfX/FaB, Ya then XY/B

Several elementary properties of this relation are stated in the follow-
ing lemmas. The proofs can be easily obtained using the definitions.

Lemma 17. If X and X = XoX,... Xy, where X, is the leading atom,
then theve ave lypes B,. .., By such that

Xo/FpB:... Bra

X;/B; i=1,...,k
Lemma 18. If X/a and X is an open combination, then @ is not atomic.
Theorem 13. If X/B, x/a and Y = [x]X, then Y/FapB.

The proof is by induction on the derivation of X/3, and covers both the
weak and the strong algorithm. We have the following cases:

(i) X = Zx where Z does not contain x, and Y= Z. The only way to
derive Zx/B is from Z/Fapf and x/a.
(ii) X does not contain x, hence Y = Kx. Here from K/F, Baf and X/
we obtain by rule (F), KX/Fap.
(iii) X is x, hence = @, and Y = 1. By rule (1) we have I/Faa.
(iv) X = X, X,. Suppose Y, = [x]X,, Y, = [x]X;, and Y = SY, Y,.

We have the following derivation:

X,/FuB X,/
X,X,/B

Using the induction hypothesis we have
S/F;F,aupBFapap Y./Foaup
SY,/FFauFap Y,/Fau
SY,Y,/Fap
Theorem 14. If X/d and X = Y then Y/a.

The proof by induction on the derivation of X= Y is easy.?
Theorem 15. If X/B, Y/e, x/a and Z = [Y/x]|X then Z/B.

By Theorem 13 we have [x]X/FaB, hence by rule (F),([x]X)Y/B. Since
([x]1X)Y = Z, we have Z/B by Theorem 14.

A combination Y is said to be a p-normal combination if the following
condition is satisfied: given X,a, and y such that X/a, y/B and X is a
normal combination, then ly/ y]X is a normal combination.
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Taking X to be y, it follows that if ¥ is f-normal it is a normal combi-
nation.

Lemma 19. If X/Fpa, and X is novmal and Y is f-normal, then XY is
normal.

Let y be an indeterminate of type B not occurring in X. Then Xy/a.
Since Y is B-normal, [Y/y)(Xy) = XY is normal.

Theorem 16. If Y is normal and, Y/B, then Y is B-normal.

The proof is by induction on the structure of 8. We assume that if Z
is a normal combination, Z/u, and p is a proper part of B, then Z is
p-normal. Now suppose u is fixed. Let X be some normal combination of
length m, such that for some a, X/a. We show that given a normal combina-
tion Y, with ¥/8 and y/B, then the combination [Y,/y]X is normal. The proof
of this is by induction on m. We have the following cases:

(i) X is an indeterminate. This case is trivial.
(ii) X =xX,... Xz, B =1, where x is not y. Since X/a, we have for
some types f;,..., B that

x/FkBl... Bka
Xi/Bi i=1,...,k.

By the induction on the length, Z; = [Y/y]X; is normal. Then [Y/y]X=
xZ,... Zk is also normal.

(iii) X = yX,... X, B = 1. Suppose [Y/y]X=YZ,... Z,, where Z; =
[y/y]X; Again we have

V/FiBi... B

X,/Bi i=1,...k
It follows that

B=FiBi... B

As in case (ii) Z; is normal. Further since Y/8, by Theorem 15 we have
Z;/Bi. Since B; is a proper part of B, it follows that Z; is fi-normal. Now,
from Y/B, using k times Lemma 22 we obtain that YZ,... Z, is a normal
combination.

(iv) X is an open combination. Then « is not atomic. Suppose a = Fa,0,.
Take an indeterminate x, distinct from y, and not occurring in X. Then
Xx/0, and by the induction hypothesis [Y/y}(Xx) = ((Y/y]X)x is normal.
Hence [Y/y]X is normal.

(v) X is reducible. Suppose that X, is obtained from X by a head con-
traction. By the induction hypothesis [Y/y]X, is normal. Since [Y/y]X, is
obtained from [Y/y]X by a head contraction, it follows that |Y/y]X is
normal.

Theorem 17. If X/, then X is a normal combination.™

The proof is by induction on the derivation of X/a. Rules (Ax), (S), (K)
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and (1) are trivial. Consider rule (F) and suppose we have the following
derivation, where X = X, X,.

X,/FBa X»/B
X, X./a

By the induction hypothesis X, and X, are normal. By Theorem 16, X, is
B-normal. Hence, by Lemma 19, X, X, is normal.

Theorem 18. If X/FB:...Br, where o is atomic then the degree of
the normal combination X is not gveatev than k.

For indeterminates y,,..., v, of type B,,..., Bz respectively, we have
Xy,...y/a. Since Xy,... ¥ is normal, it reduces by head contractions to
a combination Z that is open or closed, according to whether its degree is
greater or equal to 0. Further Z/o. Since ¢ is atomic, Z must be closed.
Hence the degree of X is not greater than k.

Theorem 19. If X/a and U is the novmal form of X, then U/a.

The proof is by induction on the length of X, and covers the weak and
strong normal forms. We have the following cases:

(i) X is an indeterminate. This case is trivial.

(ii) X = xX,... X, B = 1. This case follows easily using the induction
hypothesis.

(iii) X is open. Then a is not atomic, say o = FuB. Take an indetermi-
nate x not occurring in M, of type p. Then Xx/B. If V if the normal form of
Xx, by the induction hypothesis we have V/B. Since U = [x]V, by Theorem
13 we have U/FuB.

(iv) X is reducible. This case follows easily using the induction
hypothesis.

Lemma 20. If for a closed combination X we have both X/a and X/B
then a = B.

This follows from the definitions.

Lemma 21. If X/a, Y/B, X = Y and the strong novrmal form of X and Y
is closed, then a = (3.

This follows from Theorem 19, and Lemma 20.
Corollary. K X/a, Y/B, X = Y, and a is atomic, then a = 8.

We remark here that there are normal combinations for which no type
can be assigned. The combination Sll is an example of such a normal com-
bination.

6. General models for type theory. With each type a associate a set
o* in the following way: if a is atomic, then o* is some given non-empty
set; (FBa)* is a non-empty set of functions, each one with domain g* and
range included in o*. We shall use the following notation: if fe(FpBa)*, and
b € p*, then [f](b) denctes the value obtained when the function f is applied
to b. For n>1, if fe(F,B:... Bua)*, and b; € B¥, then [fl(by,..., b,) =
[0y, ey Daos) 1(Ba).
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The system of sets o* is called a general model if it satisfies the fol-
lowing conditions:

(i) For arbitrary u,B and a, (F3F,upaFupua)*contains the function
Supq defined as follows: for fe (FauBa)*, g €(FuB)*and ¢ € u*,[Sugal(frg:0)
=[[1(c) 1g](e)) -
(i) For arbitrary | and B, the set (F,uBu)* contains the function K,g,
defined as follows: for c € u* and b € B* [K4(c,b) =c.
(iii) For arbitrary B, the set (FBB)* contains the function g defined for
be B, [15](0) =0.

Note that condition (i) means also that (FFuBFua)* contains the function
[s};ﬂa](f), and that (Fpo)* contains the function[[S.s [(f)](g). Condition (ii)
means also that (FBu)* contains the function [K,g](c).

A valuation V, is a mapping which to each indeterminate x of type a
gives a value V(x) € o*. If V is a given valuation, then for each type ¢ and
comvination X, a set V(X,0) is defined by induction on the structure of X,as
follows:

(i) If X is an indeterminate of type a, the V(X) € V(X,a).
(il) Supq € VS, FyF,upaFppua)
(iii) Kpp € V(K,Fa1Bp)

(iv) 15 € W1, FBB)
(V) If X=YZ, and for some type B, fe WY,FBa), b e V(Z,B) then

[£1(B) € (X,a).
Lemma 22. V(X,a) is non-empty if and only if X/o.
The proof by induction on the structure of X is trivial.

Lemma 23. If V, and V. are two valuations that give the same value to
all the indeterminates occurving in X, then for all typesa, V,(X,0)= Va(X,a).

By induction on the structure of X it can be shown that V,(X,a) C
V,(X,a) and V,(X,a) C V,(X,a).

Lemma 24. If X =Y, then V(X,a) C V(Y,ad).
The proof by induction on the derivation of X = Y is easy.

Theorem 20. If V(X,a) is non-empty, then it contains exactly one ele-
ment.

By Lemma 22 X is a normal combination. The proof is by induction on
the length of X. We have the following cases:

(i) X is an indeterminate. In this case V(X) is the only element in
V(X,a).
(ii) X=xX,... Xy, k= 1. Then for given 3,,..., B, any element in

V(X,a) is of the form [fl(b,,..., bx) where f is the unique element in
V(x, FgB,... B and, by the induction hypothesis, b; is the unique element
in V(Xini)-

(iii) X is open. Then o is not atomic, say a = FBu. Take an indetermi-
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nate x of type B not occurring in X. Then Xx/u, and by the induction
hypothesis V(Xx,u) contains exactly one element for all valuations V. Now
let V be some valuation, and suppose f € V(X,0), g € V(X,0). Take b e p*.
Consider the valuation V; which gives to x the value b, and otherwise is
identical with V. Then, by Lemma 24, V(X,0) = V,(X,0a), hence f and g are
in V,(X,a). Also we have [f](3) € V,(Xx,u) and [g](®) € V,(Xx,u), hence
[F1(®) =[g](b). This is true for arbitrary b in 8*; hence f = g.

(iv) X is reducible. This case follows easily using the induction
hypothesis and Lemma 24.

We now introduce the following notation: if V(X,a) is not empty, then
V%(X) denotes the unique element in V(X,0).

Lemma 25. If X/a,and X = Y, then V¥ (X) = V(7).
This is a consequence of Lemma 24.

Lemma 26. Let X/FBu, f = VFPH(X), and b e B*. Then[ £)(b) = ViXx),
where x is some indeterminate of type B not occurring in X, and V,is a
valuation that gives to x the value b, and otherwise is identical with V.

By Lemma 24, V{##(X) = VFBu(X) = f, and by definition [£](b) = V¥(Xx).
Theorem 21. If X/, and U is the normal form of X, then V¥(X)=V(0).

The proof is by induction on the length of X, and covers both the weak
and the strong normal forms.

(i) X is an indeterminate. This case is trivial.

(ii) X =xX,... X}, k= 1. This case follows easily using the induction
hypothesis.

(iii) X is open. Then ¢ is not atomic, say o = FBu. Take an indetermi-
nate x of type B, not occurring in X. Suppose b€ 8* and V, is a valuation
that gives to x the value b, and otherwise is identical with V. By Lemma 26
we have

Vi (Xx)
Vi (Ux)

[Ve(X)](b)
[ V(D) ](®)

If Y is the normal form of Xx, by the induction hypothesis

1]

v (Xx) = Vi (Y)
Also Ux Z Y, hence by Lemma 25

Vi (Ux) = vi(Y)
It follows that for arbitrary b € 8*

[ve(x)1(e) = [v*(U)](b)
Hence that ve(Xx) = ve(U)

(iv) X is reducible. This case follows using the induction hypothesis
and Lemma 25.
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Corollary. If X/a, Y/a and X = Y, then V*(X) = V¥(Y).

NOTES

1) This paper is based on part of a doctoral thesis submitted to the
Pennsylvania State University in 1963. The author wishes to express sin-
cere thanks to Dr. H. B. Curry for his assistance and to the Consejo
Nacional de Investigaciones Cientificas y Técnicas de la Repiblica Argentina
for a fellowship that allowed him to study in the U.S.A.

2) See [3], [4], [5] and [7].

3) For all the purposes of this paper it would be sufficient to take S and
K as the only primitive combinators. Since | plays a fundamental role we
think it is convenient to take it as a primitive.

4) In the terminology of Curry there is an operation, called the applica-
tion operation, which when applied to X and ¥ produces (XY).

5) In connection with this definition see [7], Chapter 6A.

6) See [9], Section C, Theorems 10 and 12.

7) For a more detailed exposition see [7], Chapter 6.

8) In this paper the expression: ‘‘replacing occurrences’’ includes the
case in which no replacement is made.

9) We avoid giving here the details of the proof of uniqueness of the
normal form. They can be easily furnished by the reader.

10) See also [6] and [7], Chapter 8.

11) The notation we use for types satisfies the conditions of the Eukasie-
wicz notation, hence we may avoid writing parentheses. In any formula F,
must be followed by # + 1 arguments.

12) See also [7], Theorem 9C2.

13) A proof of this theorem is given in [7] by means of a formalization
in which the technique of Gentzen is used, and a form of the elimination
theorem is proved.
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