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Vorwort 1997

Dies ist ein Skriptum zu einer Vorlesung, die ich zuletzt im Sommersemester 1997 gehalten
habe. In den ersten beiden Teilen orientiert es sich im wesentlichen am klassischen
Lehrbuch von Hindley und Seldin, in den letzten beiden Teilen an Barendregts Kapitel
iiber den getypten A-Kalkiil im Handbook of Logic in Computer Science (Band 11I).
Das Skriptum soll zur Orientierung iiber das technische Geriist des Themas dienen.
Dementsprechend ist es nicht bis in alle Einzelheiten ausgearbeitet. So wurde auf
Stilfragen wenig Riicksicht genommen. Auch wurden elementare, aber langwierige
Beweise haufig weggelassen. Erlduternde Passagen zu Sinn und Zweck des 1-Kalkiils
sowie einzelner Begriffsbildungen sind ebenfalls nicht aufgezeichnet. Hierzu seien Leser
auf die genannten Texte verwiesen.
Ich danke Michael Arndt fiir die Erstellung des Skriptums. Frau Natali Alt und Herrn
Reinhard Kahle danke ich fiir eine kritische Durchsicht des Textes. Alle verbleibenden
inhaltlichen Fehler gehen natiirlich zu meinen Lasten.

Peter Schroeder-Heister

Vorwort 2016

Bei dieser aktualisierten Fassung des Skripts konnte ich auch auf die zweite Auflage des
Lehrbuchs von Hindley und Seldin zurtickgreifen:

J. Roger Hindley und Jonathan P. Seldin: Lambda-Calculus and Combinators,
an Introduction, Cambridge University Press, 2008 (reprinted 2010).

Es wurde wieder darauf verzichtet, die Verwendung dieser und anderer Quellen (siche
Literaturverzeichnis) im Einzelnen immer kenntlich zu machen.
Thomas Piecha

Preface 2017/18

This is a translation of the 2016 version, including some further corrections and additions.
Thomas Piecha
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1 The untyped A-calculus

The A-calculus is a formal system in which the formation and application of functions
can be expressed. We first consider the untyped version of A-calculus, where functions
are not restricted to data types.

Motivation of the syntax

The syntax of A-calculus will allow us to systematically form an expression for a function
of a variable x from an expression containing x, and likewise for any other variables.
Consider the expression “x — »”, which can be taken as a definition of either a function
f of x or of a function g of y, usually written as follows:

fx)=x—-y g(y)=x—-y

or

fix—=x—y g y—=x—y
Using Z-notation, one can write instead:
f=ixx—y g=Ay.x—y

Equations like

are then written as
(Axx—y)(0)=0—y and Axx—y)(1)=1—-y
respectively. For functions of two variables like e.g.
h(x.y)=x—-y k(y.x)=x-y
one can write
h=ixyx—y k=yxx—y

One can avoid such expressions for functions of several variables by allowing for functions
of functions. For example, instead of the two-place function /, one can then use the
following one-place function /’:

h =ix.(Ay.x —y)

For each number a we have
h(a)=24ya—y



and thus for each pair of numbers a, b:

(h'(a))(b) = (2y.a —y)(b) =a —b = h(a.b)

It is therefore sufficient to consider only one-place functions. (The transition from many-
place to one-place functions is called “currying” (after H. B. Curry) or “schonfinkeling”
(after M. Schonfinkel).)

For the functions 4 and /4’ we have here assumed that the variables x and y range over
numbers, i.e., x and y refer to objects of the type “number”. To completely specify a
function one would also have to declare the type of objects the function can return.
We will consider types later, when we study typed A-calculus. In untyped A-calculus, a
function like e.g. (Ax.x) can be seen as a generic identity function; applied to an arbitrary
object it simply returns the same object.

On semantics

The semantics of A-calculus is operational. If M can be interpreted as a function, then
(MN) is the result of an application of M to the argument &, in case the result exists. A
term (Ax.M) is interpreted as a function, whose value for an argument N is calculated
by substituting N for x in M.

Example. The term (/x.x(xy)) is interpreted as the operation of applying a function
twice to an object y. Thus, for any term N, (Ax.x(xy))N = N(Ny) in the sense that the
left and the right term have the same interpretation.

1.1 Syntax and operational semantics

Let an infinite series of variables be given (in a fixed order).

Metalinguistic symbols for variables are: u, v, w, x, y, z, X1, X2, X3, . ... (Different symbols

denote different variables, unless stated otherwise.)

There are two variants of untyped A-calculus:

— pure A-calculus: no constants given.

— applied /A-calculus: finite or infinite set of constants given.

(The first two chapters deal only with untyped A-calculus. We therefore omit the word
“untyped”.)

Definition 1.1 J-terms (short: terms) are defined as follows:

1. All variables and constants are A-terms (atoms).

2. If M and N are A-terms, then (MN) is a A-term (application), having M and N as
immediate subterms.

3. If M isa i-term, then (Ax.M ) is a A-term (abstraction), having x and M as immediate
subterms.

A-terms
atoms

application

abstraction



Remark: Thus 4 and e.g. Ax are not A-terms.
Further notions:

— The length of a term M is the number of occurrences of atoms in M.

— Subterms of a term are the term itself, as well as the subterms of its immediate subterms.

All subterms of a term except itself are its proper subterms.
— We write M [P] . if P occurs as subterm at a certain position in M.

— In the context of M [P] the expression M [Q] means that one has replaced the
occurrence of P by Q.

— The occurrence of a variable x in a term M is bound, if it belongs to a subterm Ax.P
of M, otherwise it is free.

— If x has a free occurrence in M, then x is called a free variable of M. The set of free
variables of a term M is called FV(M).

— M is called closed. if FV(M) = (), otherwise open.
— A closed term without constants is called combinator.
— Metalinguistic variables: M, N, P, Q, R, S, T, ... for A-terms; a, b, c, . .. for atoms.

— A-terms can be abbreviated by omitting parentheses as follows, as long as no ambiguities
can arise:
- Outermost parentheses can be omitted.
- We use association to the left, i.e. MNPQ stands for ((MN)P)Q.
- Ax.MN stands for (Ax.(MN)).
- AX1X3 ... x,. M stands for (Ax.(Axy.(... (Ax,.M)))).
— M = N denotes the syntactic identity of M and N.
M = N says that M and N are syntactically identical by definition; M is the
definiendum, N is the definiens.
Remark. The terms of pure A-calculus can be characterised by the following context-free
grammar, if variables have the form vy_:

— Terminals: {4. .. (. ). vo. o}

Non-terminals: {7 V'}
— Start symbol: T'

— Productions: T — V | (TT) | (AV.T)
V — Vo | V()

length

subterm

bound
free

closed /open

combinator

convention on

parentheses

grammar for terms



Examples.
— (Avg.(vougp)) is a A-term of length 3.

Immediate subterms: vy and (vovgo)
The term is open, since vgy occurs free. The variable vy occurs bound twice.
Abbreviated: dvg.vovoo
— In Axy.xy the term xy occurs once. Itis Axy.xy = (Ax.(Ay.(xy))).
— In x(uv)(Au.v(uv))uv the term uv occurs twice.
It is x (uv) Qu.v(uv))uv = ((((x(uv)) (Au.(v(uv))))u)v).
— In Au.uv the term Au.u does not occur.

Itis Au.u = (Au.u) and Au.uv = (Au.(uv)).

Examples. Let x, y, z be any distinct variables. Then the following are A-terms:
— (Ax.(xy)) (cp. last example above)

= ((y.y)(Ax.(xy)))

— (x(Ax.(Ax.x)))

This term has the form (MN ), where N has two occurrences of Ax. (This is permitted,
but not recommended.)

— (Ax.(yz))
This term has the form (Ax.M ). where x does not occur in M. This is called vacuous
abstraction. Such terms stand for constant functions (i.e., for functions having for all
inputs the same output).

Examples. On parentheses:

= xyz(yx) = (((xy)z)(yx))

— Axauxy = (Ax.((ux)y))

— Juu(Ax.y) = (Au.(u(Ax.y)))

— (Quvuu)zy = (((Au.((vu)u))z)y)

= ux(yz)(Avwy) = (((ux)(yz))(2v.(vy)))

= (Axyz.xz(yz))uvw = ((((Ax.(4p.(A2.((x2) (y2)))u)v)w)
Examples. The following closed A-terms (combinators) get a name:
- I:i=Jxx

- K:=JAxy.x

- S:= Axyz.xz(yz)



Definition 1.2 For any M, N, x, we define the substitution M[N/x] by induction on M
to be the result of replacing every free occurrence of x in M by N, and changing bound
variables to avoid clashes:

I. x[N/x]:=

2. a[N/x]=a,if x #a,
3. (PQ)[N/x] := (P[N/x]Q[N/x]).
4. (x.P)[N/x] = x.P,
5. (Ay.P)[N/x] := Ay.P[N/x].if x # y and not: y € FV(N) and x € FV(P),
6. (Ay.P)[N/x] := 2z.P[z/y][N/x].if x # y and y € FV(N) and x € FV(P), where z
is the first variable (in the enumeration of all variables) with z ¢ FV(NP).
Examples.
- (Ax.zy)[(uv)/x] = Ax.zy  (Def. 1.2, 4)
— (Ay.x)[y/x] = iz.y  (Def. 1.2, 6, for z being the first variable distinct from x and y)
- (Ayx(x.x))[(Ay.xy)/x] = Ay.(Ay.xy)(Ax.x), since
(Ay.x(Ax.x))[(Ay.xy)/x] = (Ay.(x(Ax.x)))[(Ay.xy)/x] (parentheses)
= (Ay.(x(Ax.x))[(Ay.xp)/x]) (Def. 1.2, 5)
= (Ay.(x[(Ay.xy)/x](Ax.x)[(Ay.xy)/x]))  (Def. 1.2,3)
= (4y.((2y.xy) (Ax.x)[(2p.xp)/x])) (Def. 1.2, 1)
=~ (Ay.((Ay.xy)(Ax.x))) (Def. 1.2, 4)
=~ )y.(Ay.xy)(Ax.x) (parentheses)
Definition 1.3

— We define renaming of bound variables as follows:
If y ¢ FV(M). then let P[Ax.M| =, P[Ay.M[y/x]].
— Then a-conversion (or congruence) is defined as follows:
LetP=, Q.if P= Py =14 Py =10 - =10 P = 0.
(If P =, Q. we say “P is congruent to Q” or “P a-converts to 0”.)
Example. Ttis ixy.x(xy) =, Auv.u(uv):

Axy.x(xy) = ix.(Ay.x(xy)) =1a ix.(Av.x(xv))

=1q Au.(Av.au(uv)) = Auv.u(uv)

Lemma 1.4 For all J-terms M, N and all variables x we have:

. M[x/x]=M

substitution

renaming of bound
variables

a-conversion

congruence



2. If x ¢ FV(M), then M[N/x] = M.
3. If x € FV(M), then FV(M[N/x]) = FV(N) U (FV(M) \ {x}).
Proof. Direct application of Definition 1.2. QED

Lemma 1.5 Let no variable bound in the A-term M be free in A-terms P, Q and z. Then
the following holds:

1. If z ¢ FV(M), then M[z/x][P/z] = M[P/x]}

2. If z ¢ FV(M), then M[z/x][x/z] = M.

3. M[Q/x][P/x] = M[(Q[P/x])/x]

4. If y ¢ FV(P), then M[Q/y[P/x] = M[P/x][(Q[P/x])/»]

5. If y ¢ FV(P) and x ¢ FV(Q), then M[Q/y][P/x] = M[P/x][Q/y]

Proof. The restriction on bound variables in M excludes substitutions according to
Definition 1.2 (6).

Proofs of (1), (3) and (4) are by term induction on M.

(2) follows from (1) and Lemma 1.4 (1); (5) follows from (4) and Lemma 1.4 (2). QED

Remark. If in Lemma 1.5 the restriction on variables bound in M is lifted and = is
replaced by =, . then the resulting statements (1)-(5) hold as well.

Lemma 1.6
1. If P =, O, then FV(P) = FV(Q).

2. For each term P and all variables x1, . . ., x, there exists a term P’ with P =, P’, where
no variable x1, . .., x, occurs bound in P’.

3. =, is an equivalence relation. That is, we have:
Reflexivity: P =, P.
Symmetry: If P =, Q, then Q =, P.
Transitivity: If P =, Q and Q =, M, then P =, M.
Proof. Exercise. QED
Lemma 1.7 (Congruence of =)
IfM =, M'and N =, N’, then M[N/x] =, M'[N'/x].
Proof. See Hindley & Seldin (2008), appendix Al. QED
Remarks.
1. Substitution is well-behaved with respect to a.-conversion. The result of a substitution

where N has been a-converted to a term N’ differs only by congruence from the
result for a substitution with N.

10



2. By using a-conversion one can always separate variables in a term first, to avoid more
complicated substitutions later.

3. Any two congruent terms will have identical interpretations.

=le

Remark. In the following, we write P 2 Q for “P >1p Qor P =1, Q" and P Zlﬁ' 0

Zla
18

for “P =14 Q or Pr>15 Q or Q >3 P”, etc. (Note that P <115 Q just means Q >4 P.)

Definition 1.8
— Aterm of the form (Ax.M )N is called S-redex (short: redex, from reducible expression).
and the corresponding term M [N/ x] is its contractum.

— The operation of S-contraction is defined by:

P[(2x.M)N] 15 P M[N/x]].

f-redex contractum

— If for a term P there exists a (possibly empty) finite series of S-contractions and
renamings of bound variables ending in a term Q, i.e. if

P =P Big P Dip .. Bu P, =0

Zle Zle Zla

then we say that P S-reduces to Q. Notation: P >z Q.

— Two terms P and Q are called S-equal (or B-convertible), if the following holds:

=le =le =la

P=P By Py Py ... Py P, =
! <ip 2 <ip <ip " Q

Notation: P =g Q.

— For a (possibly empty) finite or infinite series of f-contractions
P =P I>1/,)P21>1[;P3|>1/;’"'

we call (P, Py, Ps....). or the given series itself, a -reduction series of P.

Remark. By the two operations of a.-conversion (resp. renaming of bound variables)
and f-contraction an operational semantics for A-terms is given. The interpretation of
A-terms is defined by how they behave under these two operations.

Definition 1.9
— P isin B-normal form (short: B-nf), if no B-redex occurs in P.

— If P> O holds, and Q is in -nf, then Q is called f-normal form of P.
(We then also say that P has f-normal form Q.)
— Piscalled (weakly) normalisable, if there exists a f-normal form of P.

— P is called strongly normalisable, if there is no infinite f-reduction series of P.

11
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Remark. Note the difference between being in f-nf and having a f-nf. To see whether a
term is in f-nf, one just has to check whether it contains a f-redex or not. To show that
a term has a f-nf, one has to show that the term reduces to a f-nf (i.e., one has to show
that there exists a finite f-reduction series ending with a term in f-nf).

Examples.

— (Ax.x)N >y N

— (Axy)Nripy

— (Ax.x(xy))N 13 N(Ny)

— (Ax.(Ay.yx)z)v >1p (Ax.zx)v >4 zv, and zv is a f-normal form of (Ax.(Ay.yx)z)v.

— Q:= (Ax.xx)(Ax.xx) does not have a f-normal form; € is not in S-nf, and there is
only an infinite f-reduction series: (Ax.xx)(Ax.xx) > (Ax.xx)(Ax.xx) >4 - - -.

However, J-terms containing the Q-combinator can have a f-normal form. For
example, the term (4x.y)Q has f-nf y. since (Ax.y)Q >4 y.

The term (Ax.y)Q is thus weakly normalisable; but it is not strongly normalisable,
since there is an infinite f-reduction series: (Ax.y)Q >4 (Ax.y)Q >4 - - -.

— (Ax.xxy)(Ax.xxy) >ip (Ax.xxy)(Ax.xxy)y i (Ax.xxy)(Ax.xxy)yy g -
The term (Ax.xxy)(Ax.xxy) has no f-normal form.

The term (Au.v)((Ax.xxy)(Ax.xxy)) is weakly but not strongly normalisable, having
the f-normal form v.

Example. It is (Axyz.xzy)(Axy.x) =g (Axy.x)(Ax.x). since

(Axyz.xzy)(Axy.x) =¢ (Axyz.xzy)(Auvau) and  (Axy.x)(Ax.x) =, (Axy.x)(Au.u)
)

>1p Ayz.(Auv.u)zy >1p Ay.(Au.u)
>ip Ayz.(Av.z)y = Ayu.u
D>ig Ayz.Z =4 Ayz.z

Lemma 1.10
1. If P1>p Q, then FV(P) D FV(Q).

IfP=, P, Q=, Q and P >4 Q, then P' >4 Q"
IfP=, P, Q=, 0 and P =4 Q, then P' =5 Q"
If M >g N and P >3 Q, then P[M/x] >3 Q[N/x].
If M =4 N and P =g Q, then P[M/x] =4 Q[N/x].

AN S

Proof. Exercise. QED

12



Lemma 1.11 The class of all f-normal forms can be defined inductively by the following
rules:

1. All atoms are in f-normal form.

2. If My,.... M, are in f-normal form, then aM, ... M,, is in f-normal form.

3. If M is in -normal form, then Ax.M is in -normal form.

That is, a f-normal form has the form x| ...x,.aMy ... M,,, where the M; have the same

form.

Proof. We have to show that M is in f-normal form iff M can be produced by rules
(1)-(3). The implication from right to left obvious.

It remains to show by induction on M that if M is in f-normal form, then M can be
produced by rules (1)-(3).

Let M be in f-normal form.

— If M = a. then M can be produced according to rule (1).

— If M = (PQ). then (by the induction hypothesis) P and Q can be produced by applica-
tions of rules (1)-(3), where P is not an abstraction. Thus P = a or P = aM ... M.
Therefore M = aQ or M = aM, ... M; Q, which can be produced by rule (2).

— If M = /x.P, then (by the induction hypothesis) P can be produced by (1)-(3), and
by an application of rule (3) also M. QED

Remark. Lemma 1.11 is about the class of all f-normal forms, not about the class of all
A-terms having a f-normal form.

Lemma 1.12 An arbitrary A-term has either the form shown in Lemma 1.11, or it contains
a subterm of the form Axi ...x,.(Ax.M)N M, ... M,,, for m.n > 0.
———

head redex

Proof. Consider the excluded subcase of M = (PQ) in the proof of Lemma 1.11. QED

Theorem 1.13 (Church & Rosser, 1936)
1. If P>g M and P > N, then there exists a term T such that M >p T and N >g T.

2. If M =4 N, then there exists a term T such that M > T and N >p T.

Remarks.
— Property (1) is called confluence of f-reduction. Diagrammatically:

P
DK/ \Eﬁ
M N
DN }/D/f
r

13



— Property (2) indicates that two f-equal terms have the same interpretation, since there
is always a term to which both reduce.

Example.

(Ax.(Ay.yx)z)v

Proof of Theorem 1.13 (2). By induction on the number of steps from M to N.

Number of steps = 0: trivial.

Number of steps = n + 1: By the induction hypothesis we have
Py D>p TI,...,Pn D>p T’

for a term 7. For the step from n to n + 1 the situation is the following:

=la

M=P =5 - = Py B0 Py =N

<ip
Dﬁ\( />ﬁ

T/
and we have to show: B
=la
M = Py =p - =p P, Z:g Pn+1 ~ N

>p >p
T’ >p
N
a7
Case 1 (=14): T :=T',since Py =10 Py >p T'.
Case 2 (<yp):
15

Case 3 (>13):

T :=T' since Py >ig Pap T,
Since P, >3 T’ and P, >z P,. there exists according to Theo-
rem 1.13 (1) a term 7 such that 7/ > T and P, >4 T

P,
D// \\w
/

T Py
N
T
Thus M >4 T (since M =5 P,)and N >5 T. QED

14



For the proof of Theorem 1.13 (1) we need some more definitions and lemmas. The
difficulty lies in the fact that confluence of > cannot simply be proved by first proving
confluence of >4, that is, by proving

if P>y M and P>1p N, then3T: M >3 T and N > T. (%)
Confluence of >4 could be proved from () by first proving the special case
if P>igMand P>p N then3T: M >y Tand N>y T

by induction on the length of the reduction series (including a-conversions) from P

>1£/ \ s
DIN ‘/Dlﬁ \D”‘
DIN ‘/>1ﬂ

to NV: schematically:

"
N,=N
>1
4 / B
T,=T

The general case could then be proved by a second induction on the length of the
reduction series (again including a-conversions) from P to M:

/ P\Eﬁ
e
N, o

T

However, (*) does not hold for all A-terms. A counterexample is

P = (Qyuyy)(Iz) (where I = Jx.x)

15



In this case P > 15 u(Iz)(Iz) and P >3 (Ay.uyy)z 15 uzz. But u(Iz)(Iz) cannot be
contracted to uzz, that is, u(Iz)(Iz) o1 uzz.

The term u(Iz)(Iz) could be reduced to uzz in one step by contracting the two non-
overlapping redexes (Iz) and (Iz) in parallel. One could thus try to prove confluence for
a relation of parallel reduction, from which confluence of >4 could be proved by two
inductions as described for (x).

However, parallel reduction cannot simply be defined as simultaneous non-overlapping
contractions, since confluence fails for such a relation as well. A counterexample can
be given for the term P = (Ax.R{)R,, where Ry = (Ay.xyz)w and R, = (lu.u)v are
both redexes. The term P contracts to (Ay.R,yz)w = M by a (trivial) simultaneous
non-overlapping contraction. By a simultaneous non-overlapping contraction of R} and
R, in P we get (Ax.xwz)v = N, which can only be reduced to N itself (by a-conversion)
or to vwz = T (by contraction). But it is not possible to reduce M to either of those by
using only simultaneous non-overlapping contractions. That is, we have the following
situation (where arrows stand for simultaneous non-overlapping contractions):

P
M —F—> N
T
Nevertheless, a notion of parallel reduction (called minimal complete development) can
be given, for which confluence holds. We first define certain results of contraction.

Definition 1.14 Let R and S with R # S be f-redexes in P, where R >4 R’, changing
PtoP.
The residual Res(S, R) of S with respect to R is a redex in P’, defined as follows:

1. Risa (proper) subterm of S. Then Res(S. R) := S [R'].

(That is, S has the form (Ax.M )N and Risin M orin N. R >3 R’ changes M to M’
or N to N’, changing S to (Ax.M')N or (Ax.M )N’ in P’. Then Res(S, R) is either
(Ax.M")N or (Ax.M)N".)

2. Risnot a subterm of S. Then Res(S, R) := S.
(That is, R and S do not overlap in P. Thus contracting R does not change the redex
S, and S is the residual w.r.t. R in P’.)

Remark. Due to the way Res(S. R) will be used. some other possible cases besides (1)
and (2) do not have to be considered.

Definition 1.15 Let R = {R;...., R,} be a set of redexes in P. A redex R; is called
minimal, if no R; is a proper subterm of R;.

P >,.q Q (minimal complete development of P to Q), if Q is obtained from P by the

16
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following (non-deterministic) procedure:
) Choose a minimal element R; in R.

1
2) B-contract R; in P: P >3 P'.

4) If R’ # (0, then go to step (1) with R := R’ and P := P’
5) If R =0, thenlet Q =, P".

(
(
(3) Let R/ = Uju Res(R;. R;). (R’ hasthusn — I elements.)
(
(
(If P 1> ,.q Q. we also say that P mcd-reduces to Q.)

Remarks.
1. The relation >, is defined relative to a chosen set R of redexes. For different sets R

there are thus different relations >, and it would be more appropriate to make this
R

med ?

distinction clear by naming them >, for each of the respective sets of redexes R. As

this would only complicate the presentation, we assume instead that the set of redexes
is always chosen adequately, namely in such a way that all redexes of a considered
term are elements of R.

2. The relation B>, is not transitive, as the following example shows:
(Ax.xy)(Az.2) Dy (Az.z)y and (Az.2)y Do ¥, but (Ax.xy)(Az.2) P V-

Note that the redex (Az.z)y is not a residual of (Ax.xy)(Az.z).
3. For R = 0 we have P >, P.
Example. We consider again P = (Ax.R|)R,, where R| = (Ay.xyz)w and Ry = (Au.u)v.
Itis P >, vwz = Q. The set of redexes in P is R = {(ix.R|)Ra, Ry, Ry }.
(1) Choose the minimal element R;.
(2) P (Ax.xwz)Ry = P’
(3) R = {Res(P. R1),Res(Ry. R1)} = {P'. Ry}
(4) R"#0
(1) Choose the minimal element R,.
(2) P'>ip (Ax.xwz)v = P”
(3) R” ={Res(P".Ry)} = {P"}
4) R"#0
(1) Choose the minimal element P”.
(2) P">1pvwz = P"
(3)
(5)

R/// — @
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Lemma 1.16 (Preservation of [>,, by =)
If P>, Qand P =, P', then P' 1>, O.

Lemma 1.17 (Preservation of [> ., by substitution)
If M >, M and N >, N', then M[N/x] >, M'[N’/x].

Lemma 1.18 (Confluence of >, )
If P>, Q and P 1>, R, then there exists a term T such that Q >, T and R >, T.

Proof. By Lemma 1.16 we can assume that the given mcd-reductions do not contain
a-steps. The proof is by induction on the structure of P.

Case 1:
Case 2:

Case 3:

Case 4: P =~

P=~ag. ThenQ=R=P.LetT := P.

P = )x.P,. Then all redexes in P are in P}, and since there are no a-steps we
have O = /x.Q; and R = Ax.R;. where P| >, O and P; >, R;.

By the induction hypothesis there exists a term 77 such that Q) >, 71 and
Ri>uuTh.Let T := Ax.Ty.

P =~ (P P,). and all redexes of R are in P; and P,, that is, P itself is not reduced.
By the induction hypothesis there are terms 7'} and 75 such that with

(P1P2)
m/ \ med m/ \ med P e Vmcd
(0102) (RiR>)
nmi\ / med m& / med > med I>mCd
(T\T>)

and also
holds.

Let T := (T T>).

(Ax.M)N, and the residual of P is contracted in only one of the two given
mcd-reductions; we assume it is contracted in P >, Q.

Then P >, Q has the form
= (AX.M)N >, (Ax.M')N' >3 M'[N'/x] = Q

(where M >,y M' and N 1>, N').

The other given mcd-reduction P >, R has the form
= (Ax.M)N >, (Ax.M")N" = R

(where M >, M" and N >, N").

By the induction hypothesis for M and N there exist terms M and N such
that

18



M N
Dn% \>mcd Dn;/ \>mcd
M’ M N’ N
Dn& />mcd Dm& />mcd
M and NT

Let 7 := Mt[N*/x]. Then by Lemma 1.17:
Q= M'[N'/x]>pa MT[NT/x]

Furthermore, by first separating the a.-conversions in the mcd-reductions for
M" and N” as follows

M'> M =, Mt N>, N =, Nt

where we assume that M" >, M* and N” 1>, N* are without a-steps, we
obtain R >, T

R = (Ax.M")N" 1>, (GX.M*)N* 1>15 M*[N*/x] =4 M*[N"/x]

Case 5: P = (Ax.M )N, and both given mcd-reductions contract the residual of P.
Then P >, O has the form
P = (Ax.M)N >, (Ax.M')N' >15 M'[N"/x] = Q
and P >, R has the form

P = (Ax.M)N 1>, (Ax.M")N" 1>15 M"[N" /x] = R

We argue as in case 4 and choose T := M T[N /x]. By Lemma 1.17 we obtain
the result. QED

Remark. The proof of confluence of >, depends crucially on the fact that all redexes
are already present in the initial term, which enables us to control them.

Proof of Theorem 1.13 (1). Using confluence of >, (Lemma 1.18) one can show that
if P>, M and P >4 N, then there exists a term 7 such that M > T and N >,y T

by an induction according to the scheme:
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P
>/ >
M Ny
>m\ ‘/Dmcd \Z'f
T N,
T

I\ Z 4
1
=

mcd

~

"
T, =
Note that P >4 Q implies P >, O. P >, Q implies P >3 O, and >4 is transitive.
Therefore:
If P> M and P >4 N, then there exists a term 7 such that M >g T and N > T,

From this the result follows by an induction according to the scheme:

P
Dzl// \>/3
Py N
EN LW }/w
P, T,
DN ‘/Dﬁ
»
M T
SN
»
T

That is, we obtain:
P
N
M N
N
T
Corollary 1.19

1. If M and N are B-normal forms of P, then M =, N.

QED

(That is, B-normal forms are unique modulo congruence.)
2. If M =g N and N is in f-nf, then M >g N.

(By the Church-Rosser Theorem, both M and N reduce to a term T. Since N is in
p-normal form, N =, T. Thus M >3 N.)
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3. If M =g N, then either both M and N have no [-nf, or both have the same f-nf (modulo

congruence).
4. If M =g N and M, N are in ff-normal form, then M =, N.

(Thus A-calculus is consistent in the sense that not all A-terms are B-equal; in other
words, the relation =g is not trivial. Consider the two terms Axy.xy and xy.yx. Both

terms are in f-normal form, but they are not congruent. By the corollary, they are not
B-equal.)

Definition 1.20

— A leftmost reduction series (short: L-reduction series) is a f-reduction series, in
which always the leftmost redex is contracted. A redex (Ax|.M7)N is to the left of
(Ax2.M>) N> (in the considered term), if Ax; stands to the left of Ax».

— A quasi-leftmost reduction series (short: QL-reduction series) is a ff-reduction series
(M. M,, M5, .. .) such that for each M, that is not the last element of the series there
is an M; and an M; | with j > i such that in the contraction of M; to M, the
leftmost redex in M/ is contracted.

Remarks.
1. A quasi-leftmost reduction series is a f-reduction series, in which every now and then
the leftmost redex is contracted.

2. Leftmost reduction series correspond to lazy evaluation in programming languages.

Example. A leftmost reduction series for the term

redex 1
((Ax.x) ((Ay.yy)(Az.2))) ((Au.u)(Av.v))
redex 2 redex 3

is given by:

((x.x)((Ay.yy)(22.2))) ((Au.u) (Gv.v)) 21 ((Ay.yy)(Az.2))((Auu)(Zv.v))

leftmost redex leftmost redex

>1p ((Az.z)(Az.2)) ((Au.u)(Av.v))

leftmost redex
>1p (Az.2)((Auu)(Av.w))

leftmost redex

>1p (Auu)(Avw)
| —
leftmost redex

>1p Av.v

Theorem 1.21 If a A-term M has a f-normal form, then each leftmost reduction series

beginning with M terminates (and thus also each quasi-leftmost reduction series for M ).
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Remarks.
1. For the proofs see Barendregt (2012), § 13.2.

2. The contraposition of this theorem is especially useful: In order to show that a term
M has no f-normal form, it is sufficient to show that there exists a non-terminating
leftmost or quasi-leftmost reduction series beginning with M.

Theorem 1.22 There exist fixed-point combinators Y, i.e., combinators such that
1. Yx =p x(Yx),

or even

2. Yxpx(¥Yx).

Proof.
1. For the combinator

Y = Ax.(Ay.x(yy)) (Ay.x(yy))
=~:M

we have
Yx>p MM g x(MM) < x(Vx)

However, (2) does not hold for Y. (This fixed-point combinator is due to Curry: cp.

Rosenbloom, 1950.)

2. For the combinator
O = (Azx.x(zzx)) (Azx.x(zzx))
~iN
we have

Ox g (Ax.x(NNx))x g x(NNx) = x(Ox)

Thus (1) obviously holds for @, too. (This fixed-point combinator was given by
Turing, 1937.) QED

Corollary 1.23 For each N there is an M such that for n > 0: My, ...y, =g N[M/x].
Proof. Let M := Y (Axy;...y,.N) for a fixed-point combinator Y. QED

Remarks.
1. If for Y we choose the fixed-point combinator ®, i.e. M = @(ixy;...y,.N), then
even My ...y, >p N[M/x] holds.

2. Each “intuitive” equation of the form xy; ...y, = N defining x by a term N, where
x itself may occur in N (i.e. the equation is “self-referential” in this sense) has some
term M as its solution.

3. A solution M does not always represent a computable function. The corollary only
tells us that there always is a solution M in the “realm of A-terms”.
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Theorem 1.24 M is a fixed-point combinator, i.e. Mx =5 x(Mx), iff M is a fixed point
of SL i.e if M =5 SIM.

Proof. (See Barendregt, 2012, Lemma 6.5.3.)

Itis SI =4 Ayz.z(yz).

Let M be a fixed point of SI. i.e. M =g SIM. Then MN =4 SIMN =g N(MN).i.e. M
is a fixed-point combinator.

Let Mx =g x(Mx). Then Mx is not in in normal form, since otherwise Mx and x(Mx)
would be congruent.

Thus Mx >4 xP and x(Mx) >4 xP for some term P. Moreover, M >4 Az.N, since M
being a combinator it cannot begin with a variable. Therefore

Ix.Mx =p Ax.(Az.N)x =p Ax.N[x/z] =y M

(That is, 7-conversion, as defined below, is provable for M.)
Thus M =4 Ax.Mx =g Ax.x(Mx) =4 SIM. QED

Definition 1.25

— A term of the form Ax.Mx is called n-redex, if x ¢ FV(M). The term M is its
contractum.

— The operation of n-contraction is defined by:
P[Ax.Mx| >, P[M].if x ¢ FV(M).

=le =le =la

— Itis P >p, Q (i.e. P fy-reducesto Q). if P = Py >y Py Pip .. By P, = Q.
D1y B>y >y
=la =la Zla
>1p >1p B>ip

— Itis P =p, Q (i.e. Pis fy-equalto Q). if P = P; <y P, S --- <y P, = Q.
>y >y D1y
<y <y <y

(The fr-equal terms are also called fy-convertible. If no -contractions occur, then
we speak of y-conversion =,.)

Remark. Intuitively, fr-equality says that the meaning of a term depends only on its
behaviour w.r.t. applications to another term (in other words, if extensionality obtains;
cp. Lemma 1.38).

Lemma 1.26 Lemma 1.10 holds as well for >p,.

Theorem 1.27 Church-Rosser holds for fn-reduction.

Proof. See Hindley & Seldin (2008), appendix A2B.
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1.2 The A-definability of recursive functions

Definition 1.28 Let M'N := N and M"*'N := M(M"N).
Then Church numerals are defined as follows: n 1= Axy.x"y.

Remarks.

1. The notation M" is here used only in combinations M" N, never alone.

2. Cp. Wittgenstein (1922), 6.021: “A number is the exponent of an operation”.
3. If m =4 n, then m = n, since Church numerals are in f-normal form.

4. We have nPQ >3 P"Q.

Lemma 1.29 There exist combinators N, V, D and R with the following properties:
1. Nk=p k+1 (successor)

2.Vk+1=5k (predecessor)

3. DPQO =4 P (pairing- or conditional combinator; if-then-else)
DPOk+1=;0Q
4. RPQO =4 P (recursion combinator)

RPQk+1 =5 Qk(RPQk)

Remarks.
1. Dnm corresponds to the ordered pair (n, m), since according to (3) one can select
the first or the second element.

2. DPQn corresponds to the operator if n = 0 then P, else Q.

Proof of Lemma 1.29.
1. N:= Auxy.x(uxy)

3. D= Jxyz.z(Ky)x
2. V= x.x(A1z.D(N(z0))(z0))(D00) 1

We show by induction on k:

(22.D(N(20))(z0))**'(D00) =5 Dk + 1k
\T/

Induction base:
P'(D00) =4 D(N(D000))(D000) =4 D(N0)0 =4 D10
Induction step: Let P**1(D00) =5 Dk + 1k. Then

PF2(D00) =4 P(PF1(D00))
=5 P(Dk + 1k) (induction hypothesis)

24

Church numerals



—s DIN(Dk + 1£0))(Dk + 1k0)

Therefore
Vk+1=5k+ 1P(D00)1

=4 P (D00)1
=y Dk +1k1
=5 k

4. R:= ©uxyz.Dx(y(Vz)(uxy(Vz)))z)
By Corollary 1.23. R is a solution of Rxyz =4 Dx(y(Vz)(Rxy(Vz)))z. QED

Remark. The recursion combinator R can also be given without using a fixed-point
combinator. See Hindley & Seldin (2008), proof of theorem 4.11, where the recursion
combinator is given as a strongly normalising term.

Definition 1.30 A /-term P defines (or represents) a k-ary number-theoretic function
f.iffor all my.....my the following holds: Pm, ... my ~p f(my.....my). Using the
abbreviation #i for my., . ... my the latter is also written P i ~ f ().

Pini=p n < f(ni)=n, if f(ni)is defined.

Prii ~p n means that
P i has no f-normal form, if f(#i) is not defined.

Definition 1.31 The primitive recursive functions are defined inductively as follows:

1. The number 0: N° — N is a 0-ary primitive recursive function.
2. The successor function s : N— N with s(n) = n + 1 is primitive recursive.

3. Foreach n > 1 and i < n the projection n} : N* — N, where
"my,. .. my) =m; (my.....m, € N),

is primitive recursive.

4. Ifn>1and1<i <k, and h: N - Nand all g;: N* = N are primitive recursive,
then so is the function f: N” — N, defined by composition as follows:

flmy,....m,) =h(gi(my.....my,).....gc(m1,....my,))

5.Ifk > 0.and g: N >N and 4: N**2 5 N are primitive recursive, then so is the
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function f: N1 — N, defined by recursion as follows:

FO,my,....m)=g(my.,....,my)

fn+1my.....om)=hn f(n.my,....;p),my,....;my)

Remark. Instead of (g (i), ..., g (ni)) we also write (h o [g1:...: gk])(#1).
Theorem 1.32 Every primitive recursive function is A-definable.

Proof. We present A-terms that correspond to clauses (1)-(5) in Definition 1.31.
1. 0: N’ = N is J-defined by the term 0.

2. 5: N— Nis A-defined by the term N.

3. n!: N” = Nis A-defined by the term Ax; ... x,.x;.

4. If h: N* 5 Nand g;: N” — N are A-defined by P and Q;. respectively, (1 <i < k),
and f: N* — Nis given by f(sit) := (ho[g1:...:g:])(#) for all ii = (my. ..., m,).
then the function f: N* — N is A-defined by the term AxX.P(0;X)...(QX), where
Q,‘)? = ( .. (Qixl) .. .)Xn

5. If g: N* 5 Nand /: N2 - N are A-defined by A-terms P and Q. and f: Nf*! 5 N
is given by

£(0.7ii) = g (i)
f(n+1.n) = h(n, f(n ni),ni)
then f is A-defined by the term AuxX.R(PxX)(Auv.QuvX)u.
Proof by induction on n:
Induction base:
(Aux . R(PX)(Auv.Quox)u)0ri =g R(P i) (Auv.Quu ni) 0
=4 g(ni) (by presupposition on g)

Induction step:

(Aux R(PX)(Auv.QuuxX)u)n + 1ni =5 R(Pnt)(Auv.Quuni)n + 1
= (Auv.Quuv i) n(R(P i) (Auv.Quu i) n)
s Qa(R(P1) . Quor) w1t
=p Qn((Zux.R(PX)(4uv.Quu¥)u) n i) rii

=5 On f(n.ni) ( ni)ni  (induction hypothesis)
—p W f (). 0)  (by presupp. on 4)
QED
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Example. The function add: N> — N with add(n.m) = n + m is defined primitive
recursively as follows:

add(0, m) = n}(m)
add(n + 1.m) = (s o n3)(n. add(n.m). m)

The A-definition of the function 7] is the term Ax.x = I, and the A-definition of compo-
sition s o 73 is the term Ay; y2p3.N((Ax1x2x3.X2) y11213)-
By schema (5) the A-definition of add is thus the term

Add = Jux.R(Ix)(Auv.(Ay1y203.N((Ax1x2X3.X2) Y112 13) )Juvx ) u

All redexes generated by this schematic translation can be contracted, yielding the
following simplified term:

Add >4 Aux.Rx (Auv.Nv)u
The computation of 1 + 1 (using Lemma 1.29, 4 and 1) is as follows:

Add11 >4 R1(Auv.No)l
p (Auv.Nv) 0(R1(Auv.Nv)0)
> N(R1(Auv.Nv)0)
—; N1
=5 2

Definition 1.33 A function f: N — N (for n > 0) is called partial recursive iff there exist  partial recursive
primitive recursive functions g and /., such that for all i = (my.....m,) Sfunction

f (i) = h(uk.g (i k) = 0)
where the u-operator is defined as follows:

the smallest k. such that g(#i, k) = 0 holds,
(uk.g(ni k) =0) := if there exists such a k;

undefined, if no such k exists.

If a smallest k always exists, then the function f(#?) = h(uk.g(#i. k) = 0) is called  total recursive
recursive or total recursive. Sfunction

Theorem 1.34 Every partial recursive function is J-definable.
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Proof. We consider partial recursive functions

S (i) := h(uk.g(mi. k) = 0),
where g and £ shall be primitive recursive functions, A-defined by terms P and Q,
respectively (cp. Theorem 1.31).

Approach: To compute uk.g(7i, k) = 0 one can write a program F such that F (k)
outputs k if g(si. k) = 0, and otherwise calls F(k + 1). If we run this
program for k = 0 we obtain the smallest k such that g (s, k) = 0.

We thus have to find a corresponding term M such that (in crude terms) the
following holds:

MxXy = (if PXy =0, then y, else MXy + 1)
The function £ (s7) could then be represented by the term AX.Q(M ¥0).

Consider the equation
MXy =5 Dy(MX(Ny))(PXy) (%)

By Corollary 1.23, ® (Auxy.Dy(ux(Ny))(PxXy)) is a solution of this equation

=~:Z
Claim: f is A-defined by the term Ax.Q(®Zx0).
It is sufficient to show

®Z1ii0 =4 k. if ky is the smallest k with g(#i. k) =0

(since then Q k| =4 f(ri)).
We will show:

If g(rii. k) # 0 forall k < ki, then ®Z1i0 =4 Dk (@Znik, + 1)(Priky).  (5x)
This entails:
If k1 is the smallest k with g(s7i. k) = 0, then @ Z1i0 =5 k. since Priik; =4 0.

Proof of (%) by induction on ky:
Forky =0: ®Zi0 =5 DO(@®Z#i1)(P1i0) by (x)
For k; > 0:

®Z1i0) =3 Dk, — 1(@Znik,) (Prik; — 1) (induction hypothesis)
K1 —1 K1

=p [+ 1foran/ > 0, since g(ri. k1 — 1) # 0:
thust”kl -1 7513 Q
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=p @Zniky
=5 D@(@Zﬁkl + 1)(1)@&) by (*)

It remains to show:

If ' (s1) is undefined. i.e., if g(s#i, k) # 0 for all k and given #i, then @ Z i 0
has no f-normal form.

By (%) we have:
©Z itk =5 Dk|(©Z ik, + 1)(Pritk,)

and since we have chosen ® (and not V) as fixed-point combinator we even have (cp.
the remark after Corollary 1.23):

@Ziiik) >y Dk\(@Z ik, + 1)(Priiky)

By supposition Prik #p 0 for every k. Therefore:

This S-reduction series is quasi-leftmost. That is, from time to time a leftmost term is
contracted, namely a term of the form DMN [ + 1. Moreover, the reduction series is not
terminating. The term @ Z 71 0 has therefore no f-normal form (cp. Theorem 1.20). QED

Theorem 1.35 Every A-definable function is partial recursive.

Sketch of proof. Let /" be an n-ary function which is A-defined by a term P. Then

f(ky.....k,) = that k for which the equation Pk; ...k, = k is endformula of the
shortest derivation in A8 (see Section 1.3) ending with a formula of
the form Pk; ... k, = m. if there exists such a derivation in Af.

Otherwise f (ki,....k,) is undefined.

Using Godelisation (cp. the remark on p. 33) f can be seen to be a partial recursive
function. QED

1.3 The formal theories Af and Afy

Our treatment of the A-calculus has so far been based on the operational semantics
for A-terms given by ff-contraction, a-conversion and possibly 7-contraction. We now
consider formal systems that are sound and complete with respect to this semantics.
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Definition 1.36 We define the formal theories A and A fn, whose formulas are all equations
of the form M = N for A-terms M, N.

() Ax.M = Ay.M[y/x],ify ¢ FV(M)
() Ax.M)N = M[N/x]

(p) M =M (reflexivity)

APy has in addition:

(n) Ax.Mx = M ,if x ¢ FV(M)

The rules are:

M=N
(0) N =37  (symmetry)
(2) M= ]\]Z — g =2 (transitivity)
() SN=2
K MN = MN'
(v) M =M

MN = M/N

— !

() % (weak extensionality)

(Formulas above the rule bar are called premisses, the formula below is called conclusion.)

Let I" be a set of formulas and 4 a formula. A derivation of A from I'in Aff or Afy is a
tree (branching upward),

— whose leaves are axioms of Af3, resp. Ay, or formulas in T,

— whose other (non-leaf) nodes are formulas inferred by a rule application from the
immediately preceding formulas (i.e., formulas standing directly above),

— and whose root node is 4.

The elements of I are also called assumptions, and the formula A is also called endformula.

If 7 is a formal theory. then
T.T'FA

means that A4 is derivable in 7 from assumptions I'. If I" = (), then the derivation of 4 in
T is also called proof (of AinT), i.e.

AP = M = N means that M = N is provable in 5.
APn = M = N means that M = N is provable in Afy.

The two formal theories Af, and Afn_ are defined like the systems Af and Afy.
respectively, but without rule (), i.e. without symmetry.
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Then

Afs = M = N means that M = N is provable in Af;
APpns B M = N means that M = N is provable in Ay

Example. The derivation

(B)

ix.(Ay.yx)z = Ax.zx

(Ay.yx)z = zx

vV

) (Ax.(Ay.yx)z)v = (Ax.zx)v ) (Ax.zx)v = zv

(Ax.(Ay.yx)z)v = zv
is a proof of (Ax.(Ay.yx)z)v = zv in any of the above systems.

Lemma 1.37
I. Mpg N <= Ao M =N

2. M>pg, N <= APy -M =N
3. M =N <= AfF-M =N
4 M =p, N < Ipnt-M =N

Proof. Exercise. QED

Remark. The relations on the left side are based on the operational semantics for A-terms.
The provability relations on the right side are based on the respective formal theories.

2

The lemma thus says that the formal theories are sound (“<=") and complete (“=")
for the respective corresponding operational semantics.

Lemma 1.38 If, in the definition of 1y, we replace axiom (n) by the rule

( )MP:NPﬁ)rallP
X M =N

or by the rule

() M= ifx ¢ FV(NM)

then in the resulting systems the same equations are derivable as before.

Remark. Rule (y) is a so-called w-rule, i.e. a rule having infinitely many premisses.

We only consider rule ({) here. Both rules, as well as the axiom schema (7). express
extensionality of =.

For the equality of functions f and g extensionality means:
Forall x: If f(x) = g(x). then f = g.

One would not require extensionality for the equality of programs; one would rather
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understand equality intensionally in this case. The theory Af (resp. ABs ) is intensional
as well, i.e. we do not have:

For allterms X: If Af F MX = NX,then Af - M = N.

(A counterexample can be obtained using the terms M = y and N = Ax.yx.)
On the other hand, systems having (7). () or ({) are extensional.

Proof of Lemma 1.38.

() = (O
) e = Mx = Nx
V=i o= ieny

g Ax.Nx = N

(‘L') M - /lx.Nx
M =N

Thus applications of ({) can always be replaced by a derivation of this form.
() = )™

(B)

©) (Ax.Mx)x = Mx

IxMx =M

Thus any application of the axiom (#) can be replaced by a derivation of this form. QED

1.4 Undecidability results

Theorem 1.39 (Church, 1936b)
The set NFg := {M | M has f-normal form} is not decidable.

Sketch of proof. Consider an enumeration of the unary partial recursive functions
f1. f>....such that the function u with u(m. n) :~ f,,(n) is partial recursive (such an
enumeration exists).

Let u be A-defined by the term P. Then the following holds:

Pmn has f-normal form <= u(m, n) is defined.

Suppose NF; were decidable. Then the following function g would be a total recursive
function:

u(n,n)+1 ifu(n, n)is defined
g(n) == ,
1 otherwise

Then g = f} for some k. Since f} is total, we have
ulk.k) = fi(k) = g(k) = u(k.k) + 1

Contradiction. QED
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Remark. In what follows we presuppose that A-terms can be encoded as natural numbers
in such a way that different terms are always encoded by different numbers. Such an
encoding is called Godelisation. The number encoding a term M is called Gddel number
of M, written M. Then the A-term ‘M is the church numeral that corresponds to the
Godel number ‘M of M.

Theorem 1.40 (Church, 1936b) The relation =g is not decidable.

Sketch of proof. We can recursively enumerate all terms that are f-equal to a given term.
For example, we can produce derivations of the corresponding equations in 4/, and use
Lemma 1.37 (3).

Let

f (m. k) := Godel number of the k-th term that is f-equal to the term with Godel
number m1;

hm) 0 if m is the Godel number of a term in f-normal form,
m) =
1 otherwise.

The functions f and / are primitive recursive. We assume they are A-defined by the
terms F and H, respectively.
Consider the equation

Mxy =5 D1(Mx(Ny))(H (Fxy))

By Corollary 1.23, the following is a solution of this equation:

Y (Auxy. D 1(ux(Ny))(H (Fxy)))
=V
Then the following holds:

— (Y(Auxy.V))m0 =g 1.if m is the Godel number of a term that is f-equal to a term
in f-normal form.

— Otherwise (Y(Auxy.V))m0 has no f-normal form.

Suppose =4 were decidable. Then (Y'(Zuxy.V))'M' 0 =4 1 would be decidable. Thus
NFg would be decidable, contradicting Theorem 1.39. QED
Theorem 1.41 (Church, 1936a) First-order logic PL is not decidable.

Sketch of proof. The relation = is not decidable.
Thus, by Lemma 1.37 (3). the formal theory A is not decidable either.

Af can be translated into a PL-formula:

— we use Godel numbers to encode A-terms;
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— (Godel) numbers can be represented by PL-terms x, f(x), £ (f(x))....in an obvious
way (interpret the term f as the successor function); we abbreviate these terms as
follows:

—l Ol
5

~ = =
=

15

— we use the binary relation symbol E to represent equality (=) in Af;

— using E we translate the 8 axiom schemata and rules of 4/ into 8 PL-formulas F; to
Fy as follows:

1. Rule (o)

=
I
<

is translated into the PL-formula
E(M.N) 5 E(N. M)

2. Rule (1) v

=N N=P
M =P
1s translated into the PL-formula

E(M. NYANE(N. P = E(M."P")

And so on for the remaining rules and axiom schemata (variable conditions may be
assumed and do not have to be translated).

Then the following holds:
JBEM =N — PLF(FiA...AFs) = E(M.N")

Suppose PL were decidable. Then A8 would be decidable as well, and by Lemma 1.37 (3)
also f-equality (=g). contradicting Theorem 1.40. QED
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2 Combinatory Logic

Combinatory logic (short: CL) is as powerful as A-calculus, but without making use of
bound variables. This simplifies substitution, and we do not need a-conversion. However,
CL-terms are less transparent than A-terms.
To motivate the abandonment of bound variables we consider the law of commutativity
for addition:

forallx,y:x+y=y+x

where the variables x and y occur bound. To avoid this binding of variables we first
introduce an addition operator A4:

A(x,y)=x+y (for all x, y)
and then define an operator C by
(CUNx.y) = f(r.x)  (forall f.x.y)
The law of commutativity can then be given as follows:
A=C(A)

In this formulation no bound variables occur (at least not immediately).
The operator C is an example of a combinator. Further examples are:

= f(g(x))
B" (B'(f.g)(x)=g(f(x)

( composition of two functions
(
S (S(f.2)(x) = f(x,g(x)) (stronger) composition of two functions
I
(

~—

reverse composition of two functions

| (H=f identity
K K(c))(x) =c¢ forms constant functions

2.1 Syntax and operational semantics

Let an infinite series of variables be given (in a fixed order). We assume that these
variables are the same as in A-calculus.

K and S shall be given as constants. If a system contains additional constants, then it is
called applied, otherwise pure. We only investigate pure combinatory logic.

Definition 2.1 CL-terms are defined as follows:

1. All variables and constants (i.e. atoms) are CL-terms.

2. If X and Y are CL-terms, then the application (XY ) is a CL-term as well, having X
and Y as immediate subterms.
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Further notions:
— A closed CL-term has no variables.
— A combinator has only K and S as atoms.

— Metalinguistic variables (also with indexes):
- forCL-terms: UV, W, X, Y. Z, ...

- foratoms: a.b,c,...
— FV(X) denotes the set of variables in X.

— On parentheses:
- Outermost parentheses can be omitted.
- We use association to the left, i.e. UVWX stands for (UV)W)X.

— X = Y denotes again the syntactic identity of X and Y.

— The length of a term and the notion of (proper) subterm are defined as for /-terms.

Examples.
— Sxy(Ky)(KKSS) is a CL-term.

— S(KS) is a CL-term (and a combinator).

Definition 2.2 As no bound variables can occur in CL-terms, substitution Y[U/x] is
simply defined as follows:

1. x[U/x]:= U,
2. alU/x] =a,ifx #a,
3. (VW)[U/x] :== (V[U/x]W[U/x]).
Definition 2.3
— A term of form KXY or SXYZ is called weak redex (short: redex).
— The operation of weak contraction is defined by:
UKXY] >y, U[X]

U[SXYZ] >1, U[XZ(YZ)]

— If there is a (possibly empty) finite series of weak contractions from a term X to a

term Y, i.e. if
X=V D Vabiw - Dlw Ve =Y

then X (weakly) reduces to Y. Notation: X >, Y.

— Two terms X and Y are weakly equal (or weakly convertible), if
X=v Qv G- S Veny

(where U Z}“’ W means “U >, W or W >, U”). Notation: X =, Y.

w
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— For a (possibly empty) finite or infinite series of weak contractions
XJ—\_XI |>le2[>wa3 Dlw -

we call (X1, X5, X....), or the given series itself, a weak reduction series for X.

Definition 2.4
— X is in weak normal form (short: weak nf), if X contains no weak redex.

— If X >, Y holds, and Y is in weak normal form, then Y is a weak normal form of X.

(We also say that X has the weak normal form Y.)
— X is (weakly) normalisable, if there is a weak normal form of X.

— X is strongly normalisable, if there is no infinite weak reduction series for X.

Examples.
1. Let B := S(KS)K. Then BXYZ >, X (YZ):

S(KS)KXYZ >, KSX (KX)YZ by S(KS)KX >1,, KSX (KX)
>w S(KX)YZ by KSX >, S
> KXZ(YZ) by S(KX)YZ 1>, KXZ(YZ)
>y X(YZ) by KXZ >, X

(Cp. the operator B mentioned earlier.)

2. Itis SKKX >, X, i.e. SKK behaves as the identity operator I mentioned earlier.
We define I := SKK.

Remarks.

1. Weak reduction t>,, is invariant under substitution (cp. Lemma 1.10), i.e. it holds: If
Xy, Yand U >y, V, then U[X/z] >y, V[Y/z].

2. The Church-Rosser property holds (cp. Theorem 1.13):

- If X >, Uand X >, V, then there exists a term 7 suchthat U >, T and V' >, T.

— If X =, Y, then there exists a term 7 such that X >, T and Y >, T.

2.2 The formal theory CLw

Definition 2.5 We define the formal theory CLw, whose formulas are all equations of the
form X = Y for CL-terms X, Y.

Axioms of CLw are all instances of the following axiom schemata:
(K) KXY =X
(S) SXYZ =XZ(YZ)
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(p) X=X (reflexivity)

The rules are:

X=Y
(o) V=¥ (symmetry)

X=Y Y=/ o
() Y= (transitivity)
() X=X

YX =YX’

Y=Y

W) ¥y —vx

The notions derivation and proof are defined analogously to Definition 1.36, and

CLw F X = Y means that X = Y is provable in CLw,
CLws + X = Y means that X = Y is provable in CLw without rule (a).

Lemma 2.6
. X=,Y < CLwkX=Y.

2. Xy Y < CLus X =Y.

Proof. Exercise. QED

2.3  On the relation between A-calculus and CL

To investigate the relation between A-calculus and combinatory logic we consider
translations of CL-terms into A-terms and vice versa.

Definition 2.7 For a CL-term X the A-term X is defined as follows:
1. x; :=x

2. K, == Axy.x

3. S; = Axyz.xz(yz)

4. (XY), := X, Y,

(We here identify congruent A-terms; this means that M = N in case M =, N. for
A-terms M, N.)

Lemma 2.8
1. Ile>w Y, thenXil>/; Y.

2. If X =, Y, then X; =5 Y.

Proof. Use CLwy and A, resp. CLw and 4f. QED

38



Remark. The converse direction does not hold.
For example, we have S;K, =4 K;(S,K;K,). but not SK =,, K(SKK). None of the
CL-terms contracts, while both A-terms contain redexes.
Definition 2.9 For a A-term M the CL-term My is defined as follows:
1. xcL = x
2. (MN)cp := McLNcL
3. (Ax.M)cL = [x].McL
where [x].Y (“abstraction x dot Y”) for CL-terms Y is defined as follows:
1. [x].x :=SKK (abbreviated: I := SKK):
2. [x].Y :=KY.if x ¢ FV(Y):
3. [x].Ux := U, ifx ¢ FV(U);
4. [x].(UV) := S([x].U)([x].V). if none of the preceding cases applies.

Example. It is [x].xxz = S([x].xx)([x].z) = S(S([x].x)([x].x))(Kz) = S(SII)(Kz).

Remarks.
1. The expression [x].Y is metalinguistic; [x].Y is not a CL-term, but only represents a
CL-term.

2. Ttis x ¢ FV([x].Y). In this respect [x] behaves like a variable-binding operator.

Lemma 2.10 We have ([x].Y)Z >, Y[Z/x).
Proof. By induction on the structure of Y:
1. Y=x: ([x]x)Z=1Z 1>, Z = x[Z/x]
2. Yisanatomand Y # x: ([x].Y)Z =KYZ 1>, Y = Y[Z/x]
3. Y = (UV):
X EFV(Y): (x].Y)Z = KYZ >y Y = Y[Z/x]
- x¢FV(U)and V = x: ([x].Y)Z = UZ = Ux[Z/x]

— none of the preceding cases:

o

(x1.Y)Z S([X]U)([X V)z

(x].U)Z(([x].V)Z)
w (U[Z/x Y(V[Z/x]) (induction hypothesis)
Y[Z/x] QED

\Y

w

\Y

o

Corollary 2.11 (Combinatorial completeness)
Let V be a term with {x\.....x,} C FV(V). Then there exists a term U without
occurrences of xi, ..., x, such that UX; ... X, >y V[X1/x1]. .. [X0n/Xn)
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Proof. Choose U := [x]....[x,]. V. QED

Remark. Thus every combinator U that is given by a “new” contraction
Ux,.. X,y W

where W is constructed from X7,..., X, only, can be defined in CL by a variable-free
term.
Using only S and K we can thus express “all possible” combinators.

Lemma 2.12
1. For CL-terms X we have: (X;)cr = X.

2. For j-terms M we have: (M¢r); =g, M.
Proof.
1. By induction on the structure of X:
— (X2)eL = xcL = x
— (Ki)cL = (Axy.x)cL = [x].([y].x) = [x] Kx = K
= (S))er = (Axyz.xz(yz))eL
= [x].(]([2]x2(y2)))
= [x].([y1:S([z]-x2)([z].v2))
[x].([¥].Sxy)
[x].Sx

o

o

X
=S
- ((UV))eL = (U Vi)eL = (Uz)eL(Vi)eL = UV (the latter by i.h.)
2. By induction on the structure of M:
- M = x: (xcL)i = X3 = x
- M = (PQ):
((PQ)cr); = (PcLOcL)s = (Pcr)i(QcL); =y PO (the latter by i.h.)
— M = (Ax.M"): We have to show ((Ax.M")cr), = ([x].(M")cL); =py Ax.M'.
Induction on the structure of M":
- ([x].xcL), =1, = S; KK, =5 Ax.x
- if x ¢ FV((PQ)cL):

(Ix].(PQ)cL): = (K(PQ)cL):
= K;((PQ)cv)s
= (Axy.x)((PQ)cL);  where y ¢ FV(PQ)
=4 2y.(PQ)cL);
=gy A.(PQ) (induction hypothesis)
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- if x ¢ FV(PcL) and QcL = x:

(Ix1.(PQ)cL); = ([x].(PcLQcL)):

([x]-(PcLx))

(PcL)

=py P (induction hypothesis)
=, Ax.(Px)

= \x.(PQ)

o

o

- otherwise: ([x].(PQ)cL)z (Ix].PcL)([x]-QcL))

= (S
= S;([x].PcL);([x].QcL);
=py S)(Ax.P)(Ax.Q) (induction hypothesis)

= (Auvy.uy(vy))(Ax.P)(ix.Q)
=4 Ay.(Ax.P)y((Ax.Q)y)
=p Ax.(PQ) QED

Corollary 2.13 By Lemma 2.8 we thus have: Mcy =, Ncp => M =g, N.

Remark. However, we do not have (Mcp); =5 M.
A counterexample is ((Ax.yx)cr); = ([x].yx), = y;, = y #5 Ax.px.

Differences between A-calculus and CL
None of the following statements holds:

Mcy >y Noo = M[>/;N Mcyp >y Nop <= M\>/}N
McL =y Ncoo = M =3 N McL =y Nco <= M =3 N

Thus f-reducibility of a A-term M to a A-term N cannot be shown by using translations
(~) and weak reducibility as follows: M ~» Mcy >, NcL ~ N.
The problem with “=-"is that

(n) [x].Xx=X,ifx ¢ FV(X)
holds in CLw, since we have
(AX.MX)CL = [X].MCLX = MCLa if x ¢ FV(M)

The problem with “<="is that

X=X
© [x].X =[x].X’
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does not hold in CLw, since we have

[x].Sxyz = S([x].Sxy)([x].2)
= S(S([x].Sx)([x].»))(Kz)
= S(SS(Ky))(Kz)
and
[x].xz(yz) = S([x].xz)([x].yz)
= S(S([x].x)([x].2)) (K(yz))
= S(SI(Kz))(K(yz))

Hence Sxyz =, xz(yz), but not [x].Sxyz =, [x].xz(yz).

Extensionality

Adding (&) to CLw yields full extensionality ({):

") b =¥ Xx = Yx

(0) ¥ = [x] Xx &) [x] Xx = [x]. Yx

(@) X = [x].Yx (n) .Yx=7Y
() T=7

In AB: (&) holds eo ipso, while adding (#) yields extensionality.
In CLw: () holds eo ipso. while adding (&) yields extensionality.
This shows how the two systems differ.

Strong reduction

We define strong reduction >— by extending CLwy by

X>Y
9 [x].X > [x].Y

Then we have for A-terms M, N:
M D> gy N — McL > NcL

The converse direction Mcp > Nci. = M >g, N does, however, not hold, since
X >— Y does not imply X; >z, Y;.
We only have

Mcp, > Ncp = M =By N

Now 5-conversion is an instance of (p) and holds in arbitrary directions. For A-terms
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M, N we therefore have:
M =g, N <= McL>< NcL
where >—< is the symmetric closure of >—. Then the following holds for CL-terms X, Y:
X><Y < X;=4, Y.

Weakening of [x].Y

In order to be able to represent S-equality (instead of only Sy-equality) in CLw, one can
weaken the definition of [x]. Y in such a way that (1) does no longer hold automatically:
for example by removing clause

3. [x].Ux :=U.if x ¢ FV(U)

from the definition of [x].Y.
However, even in this case (¢) does not hold, since

[x].Sxyz = S(S(S(KS)I)(Ky))(Kz)
and (as before)
[x].xz(yz) = S(SI(Kz))(K(yz))

Again, we do not have [x].Sxyz =, [x].xz(yz), while Sxyz =, xz(yz) does hold.
However, using the modified definition of [x].Y one can show

JBEM =N < (CLw+®)F McL = NcL
(CLu+@)FX =Y <= IBFX,=Y;

where ® is an extension of CLw by a certain rule schema or by a certain finite set of
axioms (cp. the formal theory CL{; in Hindley & Seldin (2008), Ch. 9).

Soundness

For the modified definition of [x].Y we do not have (S;)cL =, S. However, by a further
modification it is possible to obtain for =4 the following (instead of Lemma 2.12 for
=py):

1. For CL-terms X: (X;)cr = X.

2. For J-terms M: (Mcr), = M.

The evaluation in CLw of translated A-terms is then sound. This fact is often used in

functional programming.
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Completeness

Regarding completeness the following holds: We consider an extended language where
additional functions can be evaluated (so-called d-rules). The corresponding reductions
are 15, >p5 and 35 (/ for leftmost), resp. 1,5 and >,5. We then have:

If M ;35 N, where M is closed and does not have the form [x].P, then
McL >1ws NcL.

If a second-order typed system with primitive types Int, Bool and Char is given, in which
a fixed-point operator Y exists and where M has a primitive type, then the following
holds:

M >ps N = McL D>yws NcL

This means that everything that can be found in 4 can be found in CLw by a translation.
This fact is e.g. used in the functional programming language Miranda (see Turner,
1979).

For a constant ¢ with some primitive type (which by definition is in f-normal form) we
thus get

MWEM=c = M =p5¢
= MD>ysc
= McL Dys €
— CLwoF McL =c
as well as the converse
CLwé + McL = ¢ Mcr =y €
Mcp D>ys €
=p M
= MFM=c

Ll

Every computation of a value for M can thus also be done in CLw.
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3 The simply typed A-calculus

There are two variants of typing /-terms:

1. Curry-style typing: Terms are the terms of the untyped theory. Every term has a
(possibly empty) set of possible types (implicit typing, type assignment).

2. Church-style typing: Terms have associated types, which are usually unique (explicit
typing).

We consider only Curry-style typing in the following, and moreover in its most simple

form that has only so-called simple types. The simply typed A-calculus is called 1—. We

follow the treatment in Barendregt (1992). (Since we consider only the simply typed

A-calculus, we omit the specifier “simply”.)

Remark. For /— strong normalisability holds. Hence not all recursive functions are
definable in A—; the partial recursive functions are not A—-definable at all, but there are
also total recursive functions which are not definable.

We define the function F as follows (for some adequate enumeration of typed terms):

k  iff the n-th typed term applied to the
F(n.m) = argument m has the f-normal form k,

0 otherwise.

But then the (total) function g(n) := F(n.n) 4 1 cannot be definable in 1—: Let g be
defined in A— by the p-th typed term. Then g(p) = F(p. p); however, by definition
g(p) = F(p. p) + 1. Contradiction.

3.1 Implicit typing

Remarks. 1. To avoid unnecessary complications we exclude certain kinds of A-terms,

namely

— terms in which a variable occurs free as well as bound,

— (sub)terms of the form Ax.M, in which Ax occurs also in M.

(That is, terms like (x(Ax.(4Ax.x))). for example, are not considered.) Note that this
is not an essential restriction of the expressive power of our language.

2. We use g, 7, 01, 03, . .. as metalinguistic variables for types.
Definition 3.1 The set of types of A— is defined as follows:
1. Type variables «, f, 7,0, a1, ay, . .. are types.

2. If o and 7 are types. then (¢ — 1) is a type (also called function type).

Itisoy— 07— - -+ —0,_1 — 0, an abbreviation of 61 — (62— (- - - (6,—1 —07,) - - - )); that
is, we use association to the right for function types.

45

Curry-style typing

Church-style typing

types

type variables

Sfunction type



— A judgement has the form M : ¢ for a A-term M and a type o.

The term M is called the subject of the judgement. (The type o is then also called the
predicate. One says “M has type ¢” or something like that.)

— A declaration is a judgement whose subject is a term variable.
— A basis T is a finite set of declarations whose subjects are pairwise distinct.

— A sequent has the form I' = M : ¢ for a basis I and a judgement M : .

Definition 3.2 Sequents I' = M : ¢ expressing that the judgement M : ¢ holds in basis "
can be derived in the calculus A—, which is given by the axiom scheme

(Id) T.x:0Fx:0

together with the following —-introduction and —-elimination rules:

I''x:cF-M:7

I'-(x.M):c—1

T (MN):t

(=)

IfT' - M : o is derivable in A—, then we write T ,_, M :o orI' = M : ¢. (Thus we often
identify sequents with the assertion of their derivability. What is meant in each case
should be clear from the context.)

Examples.
1. Itis F;,, Axy.x:0—>1—>0:
(1d)
(=)

(=1)

x:o,y:tkx:a

x:oklyx:t—=o
Fixiyx:0—1—0

That is, the combinator K has type ¢ -7 — 0.
2. Itis b Axyzxz(yz):(c—1—1)=(c—=1)—0—1":

LetI' = {x:0—=1—1,y:0—1.2:0}.

(Id)

(SE I'-x:0—-1—>1 (Id)l"l—z:o (Id)Fi—y:a—M (Id)Fi—z:G

I'-xz:7—7 (~E) I'kyz:z
(1) x:o—=1—=t.yio—=t.z:0 - xz(yz): 7
‘>

(=1)
(=)

(—E)

x:o—=1—=1t,y:0—=tk Azxz(yz) o1

x:o—=1—=17 Fiyzxz(yz): (6—=1)—o—1’

Fixyz.xz(yz): (c—=t—1t )= (c—1) =01
That is, the combinator S has type (¢ w7t —1') = (6 —1) =01,

Remark. One can add constants. Corresponding declarations for constants are then
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added to every basis. An example is the fixed-point combinator Y: (¢ — o) — ¢ for all
types ¢ in the programming language ML.

Definition 3.3
— A closed term M is called typable, if - M : o for a type o.

— A term M with free variables xi,. ... x, is called typable, if T = M : ¢ for a type o,
where ' = {xy:01,...,x,:0,} for certain types oy, ..., g;.

— LetT' = {x1:01,...,X,:0,} be a basis. Then let ['(x;) := a;.
— Let V be a set of variables and I" a basis. Then the restriction of T to V' is defined by

INy:={x:o|xeVandI'(x)=0}

— The domain of T is dom(T") := {x|,...,x,}.

— Type substitution: o[t/ ] signifies the simultaneous replacement of all occurrences of
the type variable o in type o by type 7. (See also Definition 3.11.)

Forabasis I' = {x;:01,...,x,: 0, } the expression I'[t/«] signifies the result of type

substitutions o;[t/a], for 1 <i < mn,inT.

Remark. For sequents I' = M : o one refers to M : o also as a hypothetical judgement,
since it depends on the basis I'; for sequents F M : o one refers to M : ¢ as a categorical
Judgement.

Example. The term xx is not typable. Consider

(_(fgg : Hd)x:a—)r,x:al—x:a
X:0—=T,X:0Fxx:1T

X:0=>T,X:0F X071

4

This is not a correct derivation, since the subjects of the basis {x:0—7, x: 0} are not
pairwise distinct.

Consequently, Ax.xx is not typable, since any corresponding derivation would have to
begin as shown above. Hence, for example Q has no type as well.

Lemma 3.4
1. If T C I for bases T and I, then T M:6 =— I'+ M :0). (monotony)

. IfTHM:o, then FV(M) C dom(T").
. IfFFM:O', [henrlpv(M)l_M:O'.
.IfTkx:0,then(x:0)eT.

.AfTFMN:og, thenT’' FM:t—gandU' - N:tforar.
. Af T - M:o and M’ is subterm of M, then T’ = M': ¢’ for someT".q’.

2
3
4
5. If TF(Ax.M): 0o, then 6 = 6| — 0, for some o1, 02 and . x:01 = M : 05.
6
7
8. If THM:o, thenT[t/a]l+ M :o[t/al.
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9. If I'x:oF-M:tandT' - N:o, then T - M[N/x]: .
10. If T-M:0and M >3 M', thenT - M': 0. (subject reduction)
Remarks.
1. The latter says that types are invariant under subject reduction.

2. However, invariance under subject expansion <z does not hold; that is, if M <1z M !
and T+ M :o. then in general ' = M’ : ¢ does not hold.

Example: Although I <4 KI(Ax.xx) and + I: 6 — 0. we have ¥ KI(ix.xx):0—0.
3. Lemma 3.4 (4)-(6) is also referred to as “generation lemma” in the literature.
In the following we show that all typable terms are strongly normalising. (Weak

normalisability was already shown by Turing; strong normalisability goes back to Tait,
1967.) The converse does not hold: For example, the term Ax.xx in f-nf is not typable.

Definition 3.5
— Let SN be the set of strongly normalisable A-terms.

— For sets 4, B of A-termslet A— B := {M |forall N € 4 itis MN € B}.

— The interpretation of types is defined inductively as follows:

[e] := SN, for all type variables «;

[o—7] :i=[a]—[z].

Remark. The interpretation of a function type is a set of A-terms having the desired
transition property 4 — B w.r.t. the given domain 4 and co-domain B.

Definition 3.6 A set 4 of terms is called saturated, if the following holds (for n > 0):
(a) 4 C SN,

(b) xR;...R, € A,if x is a term variable and R;,..., R, € SN,

(¢) Ax.M)NR;...R, € A, if (M[N/x))R,...R, € Afor N,Ry,..., R, € SN.

SAT := {4 | 4 saturated}.

Lemma 3.7 For every type o of A— it holds that o] is saturated.
Proof.
1. o is a type variable. We have to show: SN is saturated.
(a) SN C SN.
(b) xR;...R, € SN,ifRy,....R, € SN.
(c) Let (M[N/x])R;...R, € SNwith N.R,.....R, € SN.
Then also M € SN, since otherwise (M[N/x])R; ... R, could not be strongly
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normalisable. We consider (Ax.M)NR; ... R,. Then every reduction series has
the following form, where M >3 M’, N >3 N’ and R; >g R} for 1 <i < n:

(Ax.M)NR,...R, >4 (ix.M')N'R} ... R,

D>1p M/[N//X]Ri R;:
D>p ...

We know that if S >4 7" and P >4 Q. then P[S/x] > Q[T/x]. Thus:
(MIN/x])R ... Ry >5 (M'[N"/X))R, ... R, >p---

Since this series terminates, the first series terminates as well.

Therefore (Ax.M)NR; ... R, is strongly normalisable.
2. ¢ is a function type 1 — 5. Let A = [o1] and B = [o3].
If A and B are saturated, then so is 4 — B:

(a) Let M € A— B. By Definition 3.6 (b) we have x € A for all variables x (case
n = 0). Thus Mx € B. Since Mx is strongly normalisable, also M is strongly
normalisable. Therefore 4 — B C SN.

(b) Let M € A. Then M € SN. Hence xR;...R,M € B for R; € SN. Thus also
xR,...R, € A—B.

(c) Let M € A. Then M € SN.
Then (Ax.P)NR; ...R,M € B.if (P[N/x])R;...R,M € B.
Then (Ax.P)NR; ... R, € A—B.if (P[N/x])R;...R, € A— B. QED

Definition 3.8
— A valuation is a function p: variables — A-terms.

— Let p be a valuation. Then the interpretation of a term M under p is:

[M], := Mp(x1)/x1.....p(xXn)/Xn]

where {xi,...,x,} is the set of a/l free variables in M.
— A valuation p satisfies M : ¢, if [M], € [o]. Notation: p = M : 0.
— A valuation p satisfiesabasis T, if pF x: ¢ forall (x:0) € T.
Notation: p F T
— A basis T satisfies M : o, if:

For all valuations p: If p E ", then p E M : 5.

Notation: ' E M : 0.
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Lemma 3.9 (Soundness) If ' M : o, thenT F M : 0.
Proof. By induction on the structure of the derivation of ' - M : o.
Case (Id): LetI' =T"U{x:o}and M = x. Itis[".x:0 F x:0.
Suppose p ET" U{x:0}, then p E x: 0 as a special case. Hence I'", x:0 F x: 0.
Case (=]1): Let M = Ax.N.Theno = o) — oy and ", x:0, - N : 0y.
By the induction hypothesis we have I', x: g1 E N : 5.
That is, if p F T and p(x) € [o1]. then [N], € [o2].
Then [(Ax.N)x], € [o2]. since [o,] is saturated.
That is, if p F ' and p(x) = Q € [o1]. then [Ax.N],0 = [(Ax.N)x], € [o2].
Hence [Ax.N], € [o1—03].
Case (—E): Let M = PQ. ThenT' - P:t—gand Tk Q: .
By the induction hypothesis we have ' = P:t—oand 'F Q: .
That s, if p = I', then [P], € [t —¢] and [Q], € [7].
Then [PQ], € [¢] by Definition of [ . since [PQ], = [P],[Q],- QED

Theorem 3.10 If I' = M : g, then M is strongly normalisable.

Proof. Suppose I' H M :¢. Then by soundness I' E M : ¢. That is, it holds for all
valuations p: If pE T, thenp F M : 0.

Let pis(x) := x for every free variable x in M. Then p;; F T, since x € [o] for every
x (since [o] is saturated). Therefore piy = M:g.ie. M = [M], € [o]. Since [o] is
saturated, M is strongly normalisable. QED

3.2 The type assignment algorithm

In the following, we present an algorithm that assigns types to terms. If a given term
is typable, the algorithm assigns a type; otherwise the algorithm outputs fail. This
immediately solves the two most important decidability problems concerning implicit
type assignment:

1. Given M and 0. does - M : ¢ hold? (type checking) type checking

2. Given M, isthereao with - M:6?  (typability) typability

A further decidability problem is the following:

3. Given o, is there an M with - M :0? (type inhabitation) type inhabitation
This is solved by the Curry-Howard isomorphism (see Section 3.3).

We begin with some preliminaries on substitution and unification of type variables and
types.
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Definition 3.11
— A substitution (in types) is a function s : type variables — types, where s(a) # « only
for finitely many .

We write s also as {a] = a1,...,a, = 7, }, if s(a;) = a.

— Obviously, s determines a function § from types to types:
S(a) = s(a)
Sle—=1):=5(0)—=5(1)

We identify s and § and write s(g) or a[a1 /a1, ..., 04/ cn].
— ForabasisT' = {x; :01,....,x, :0,} let s(T') = {x1 : 5(01),.... %, : s(a,)}.
— For substitutions s; and s, the composition s; o 55 (short: s15s) is defined naturally.

Correspondingly, 51 0 52(¢) = s1(s2(a)).
— A unifier for ¢ and 7 is an s with s(c) = s(z).

A unifier for a set of equations E = {a1 = 11,...,0, = 7,} is an s with s(0;) = s(7;)
foralli with1 <i <n.

— A most general unifier (mgu) for o and t (w.r.t. E) is a unifier s such that for every other
unifier s’ for ¢ and t (w.r.t. E) the following holds: s’ = s1 o s for a substitution s;.

We write s = mgu(o, 7), respectively s = mgu(E).
— Itis 7 a variant of o, if there are s; and s, with 51(7) = ¢ and s5(g) = 7.
Examples.
l. a—(f—a)and a—(f— ) have {a/f} as mgu.
2. f—(a—p)and (y—y)—d have {y — y/B.a — (y — )/} as mgu.

Remark. Two mgus w.r.t. the same set are always variants of each other. In this sense
mgus are unique.

Theorem 3.12 There exists an algorithm (called “unification algorithm” ) which yields for
every system of equations E an mgu for E, if E is unifiable, and outputs fail, if E is not
unifiable.

Proof. See logic programming. One algorithm (due to Herbrand) consists of transforma-
tion rules for systems of equations E = {o] = 11,...,0, = 7,} Where E| U E, denotes
the union of disjoint sets £} and Ej:

(id) EU{;ZU}
EU{o =a}

(sym) Elfa—o} if o is not a type variable
a=ag
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EU{a=0¢
(fail) % if « occurs in o

EU{a=0g} . .
(subst) Elo/a]U{a =0} if a does not occur in ¢ and « occurs in £

EU {T]-)Tz = O'1—>O'2}
EU{‘[] = 01,72 :O'z}

(func)

One can show that the application of these rules to a system of equations always terminates.

The result is either fail or {a) = 7y, ..., 0, = 0, }, where {a; = 71,...,a, = g, } is the
mgu for E. QED
Remarks.

1. The rule name (sym) refers to the symmetry of equations, which is made use of in the
rule to shift type variables from right to left (but not the other way around).

2. In applications of (subst) we will note the respective substitutions to the right of the

rule bar.

We now map sequents I' = M : ¢ to such systems of equations E.

Definition 3.13
For sequents I' - M : ¢ the associated system of equations E(I' = M : o) is defined as
follows:

l. ECFx:0):={c=T(x)}
2. ECFAx.M:0):={c =a—B}UE([.x:akF M:p) for new type variables . f3,
3. ECFMN:c) =E('-M:a—o)UE(l' - N:a) for anew type variable .

Remark. The type assignment algorithm comprises two main steps: (1) formulate the
associated system of equations E(I' = M : ¢); (2) apply the unification algorithm.

Examples.

l. E(x:akx:8)={f=0a}

2. E(Fixyx:a—=fB)={a—=f=a1—wm}UE(x:aFiy.x:a))
={a=f=avmapy=a3—as} UE(x a1,y a3 x:ay)
={a=f=avm.ay=w3—as, 04 =}

Solution:
(finc) {a=f=a1—mm.ap=a3—as,au =0}
{la=a.f=m. == a4 =}
(subst) [oz —ay/ar]
a=a,fl=a3—>a,m=03—0,04 =)}
(subst) [a /o]

{a=a,.f=a3—=a.cp =az—aj,as =}

Therefore - Axy.x:a;— (a3 —aq).
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Remark: We here started with E(F Axy.x:a— f8) instead of E(F Axy.x: o). This is
not a problem in this example. However, starting with a type of a specific form might
result in not finding solutions that could be found by starting with the unspecific o.
Starting with ¢ is thus preferable in general.

E(Fixxxio)={c=aj—am}UE(x:aF xx:ap)

={o=awam}UEXx: o Fx:a3— ) UE(x:a - x:a3)
={o=aivm.a3—a=a,0 = a3}

Attempted solution:

{o=a1sm.as—sam=aj,a3 =}

sym
(sym) {o=a1—am a1 =a3—a.03 =}

(subst) [os — aa/a]
) {o=(mwom)rma=omae=ura}
fai fail

The system of equations cannot be solved, since a3 = a3 — a; blocks termination.
Hence, the term Ax.xx is not typable.

Lemma 3.14 (Soundness and completeness)

1. Let s be a solution to E(T'+ M :c). Then s(I') = M : s(a) holds.

2. If s(T) & M :s(a), then the following holds: There exists an s’ which interprets the
type variables in T and o like s, and s’ is a solution to E(I' - M : g). Type variables
which are interpreted differently by s and s' can always be chosen from a fixed set of
type variables V with V N FV(T'U {a}) = 0.

Proof.

1. Induction on the structure of M:

Case M = x: The substitution s is a solution to E(T' - x: ), i.e. s(c) = s(T'(x)).
Hence x: s(o) occurs in s(I"). Therefore s(I') F x: 5(o).

Case M = Ax.P: If s is a solution to E(I" - Ax.P: o), then s is a solution to
{c=a—B}UE([,x:ak P:p).
By the induction hypothesis s(I'), x: s (a) = P: s(f) holds. Therefore
s(0) F2x.P: (s(a)—s(B)) = s(a)

holds.
Case M = PQ: If s is a solution to E(I" = PQ: o), then s is a solution to

ECT-P:a—o) and E(T'F Q:a).
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By the induction hypothesis we have
s(DFP:s(a—o) and s(I)F Q:s(a).

Therefore s(I') - PQ: s(o) holds.
2. Induction on the structure of M:

Case M = x: It is s(I') + x:5(0).ie (x:5(c)) € s(I'). Hence s(o) = s(I'(x))
holds.
Thus s itself is a solution to E(I' - x: o).

Case M = /x.P: Itis s(I') - Ax.P:s(o), i.e. s(o) = 01— 0, for certain o1, o5, and
itiss(I').x:01 F P:oy.
Let s be similar to s, but extended by a; — g and a; — ¢, with new «;, . Then
sS'(D),x:a; F P:s' (o).
Hence s and s’ coincide for all type variables occurring in I" and o, and s’ is a
solution to {¢ = a; = an}.
By the induction hypothesis there exists a solution s” to E(I", x:aq - P: an) such
that s” coincides with s’ for all type variables in I', oy, a.
Moreover, we can assume that type variables which are interpreted differently by
s" and s” do not occurin ¢, i.e. s'(c) = 5" ().

Hence s” also solves {6 = aj—ax} UE([, x:a; - P:ay), ie. E(T'F ix.P:q),

and s” coincides with s for all type variables in I" and o.

Case M = PQ: Itis s(I') F PQ:o.ie s(I') - P:t—s(o) and s(I') - Q: 7 for
some 7.
We define s’ as s. extended by o — 7, where « is new. Then s’ coincides with
s for all type variables in I and . We thus have s'(I') - P:s'(a)—s'(o) and
sS'(D)F Q:5'(a).
By the induction hypothesis there exist solutions s;" and 55 to E(I' - P: a—¢) and
E(T' - Q: ). respectively, which coincide with s’ for all type variables in I, 7. c.
Moreover, we can assume that new type variables introduced in the construction
of E(TFP:a—0)and E(I' - Q: «) are different to each other.

Then s;'Us} isasolutionto E(I' - P:a—o)UE(T'F Q:a).ieto E(I'- PQ:0g).

and it coincides with s on all type variables in I" and o. QED

In /— different types can be assigned to a given typable term. However, all such types
are substitution instances of a so-called principal type.

Definition 3.15
— We call ¢ a principal type for a closed term M, if the following holds: If - M : ¢ and
F M : o', then there exists a substitution s such that ¢’/ = s(c).

— Wecall (T', o) a principal pair for M, if the following holds: If T - M : g andT" F+ M : o',

then there exists a substitution s such that ¢/ = s(¢) and I'" D s(I').
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Examples.
l. a— « is a principal type of L.

2. {{x:(@—a)—B}.B) is a principal pair for xI.

Theorem 3.16 There exists an algorithm which yields for every closed term M a principal
type and for every open (or closed) term M a principal pair, if M is typable at all, and
which outputs fail otherwise.

Proof. We consider arbitrary terms M. The result for closed terms is then a special case
for the empty basis.

LetTy:={x1:a1,...,xy: o} and oy := f§, where xi. ..., x, are the free variables in M.
Every mgu-solution to E(I'y - M : 6¢) is a principal pair for M., if there exists a solution:;
otherwise we get output fail.

1. M hasatype <= I'+ M :o forcertainI', o
< s(Ty) F M : s(ay) for a certain s
< E(TgF M :0y) is solvable (Lemma 3.14)

2. Let s be an mgu-solution to E(I'y = M : g¢). Then s(I'y) = M : s(o0).
Letnow I" - M:¢’ and T := I|py(a)- Then I'M:o
Choose s’ such that s'(Ty) = T, and s’(g9) = o’. Then s'(Ty) - M : s'(a0).

Then by Lemma 3.14 (2) the following holds for some s’ which interprets the type
variables in Ty and oy like s': s” is a solution to E(T'y - M : ay).

Since s is an mgu, we have s = 51 o s for some s1, i.e. ¢’ = 5" (a¢) = 51(5(00)).
Moreover, we have that T’ D T with T = s”(Ty) = s1(s(I)).

Hence (s(I'y), s(a)) is a principal pair for M. QED

Theorem 3.17
1. Typability is decidable.

2. Type checking is decidable.

Proof.
1. Let a closed term M be given. The algorithm of Theorem 3.16 outputs a principal
type o, if M is typable, otherwise fail.

2. To check whether + M : ¢’ for a given ¢’ we apply the algorithm of Theorem 3.16
to M. If M has a type, then we obtain a type assignment — M : ¢ with principal
type o. Since ¢ is principal, there must then be a substitution s such that ¢’ = s(o), if
o’ is a type of M. Whether there is such a substitution s can be checked by a simple
algorithm. QED

Theorem 3.18 Type inhabitation is decidable.
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Proof. Thereis a term M with = M : ¢ iff there is a proof of ¢ (as formula) in positive

implication logic. This follows from the Curry-Howard isomorphism (see the next section).

Since positive implication logic is decidable, type inhabitation is decidable as well. QED

3.3 The Curry-Howard isomorphism

There is a certain correspondence between typed A-calculus and logic, which can be
roughly described as follows:

Typed A-calculus Logic
type formula, proposition
typable open term derivation with assumptions
typable closed term proof (derivation without assumptions)
fB-contraction contraction of derivation
typable term in f-normal form derivation in normal form
S-equality equality of derivations
Definition 3.19

— Type variables are also called propositional variables, types also (implicational) formulas.

— A finite set of formulas is called context.
Metalinguistic variables for contexts are A, A’ ...

— Positive implication logic P— is given by the axiom scheme
(Id) Aoto

and the two rules:

Aokt
ArFo—1

AFo—1 Alo
AF<

(=D (—E)

(P— is called positive implication logic, since negation does not occur.)
— A Fp_, 0 means that A - ¢ is derivable in P—.
— For a judgement M : ¢ let (M :5)° = o.
— ForabasisT' = {x1:01,...,x,:0,} let I'"° be the context {7}, ...,q,}.

Lemma3.20 [f T\, , M:o, thenT° Fp_, 0.

Proof. By application of ° to every judgement in the A—-derivation of I' - M : ¢ one
obtains a P—-derivation of I'° - ¢. QED

Lemma 3.21 There exists an algorithm which yields for every typable term M a derivation
of Ao in P— suchthat A=T°and T+, , M :o.
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Proof. The algorithm mentioned in Theorem 3.16 can generate for every typable term
M its principal pair (I, o); this can then be transformed directly into a P—-sequent
A F o with A = I'°. The P—-rule application necessary to derive this sequent in the last
step is always determined by the form of M. QED

This means: Every typable term M encodes a derivation in P—. From this derivation
one can obtain by substitution all derivations of I'° - ¢ in P— which correspond to
derivations of ' - M : ¢ in A—.

Lemma 3.22 For every derivation of A+ a in P— one can construct a term M and a
derivation of T+ M : o in A— such that T° = A.

Proof. Induction on the structure of the derivation of A - ¢ in P— (where A =
{01,...,04}):
Case (Id): All formulas o occurring in instances of (Id) of P— are replaced by type
declarations x: g. The variable x is chosen in such a way that
- all occurrences of a formula ¢ have the same corresponding declaration x : g;
- different formulas ¢ and 7 have corresponding declarations x: ¢ and y:t with

different variables x and y.

Case (—1): The derivation in P— ends with

For the premiss 1, ...,0,,0 b 7 there is by the induction hypothesis a derivation in
A= ofxi:01,...,x,:0,, x:0 F M:t. We extend this derivation by an application of
(=I)in A= toobtain x;:01,....X,:0, F Ax. M :6—1.

Case (—E): The derivation in P— ends with

0l,....0,Fo—1 o01....,0,F 0
(—E)
Ol,....0, F 7T
For the premisses ¢1,....0, F d—7 and g1, ....g, F o there are by the induction

hypothesis derivations in A— of
X1:01...., Xp:0, EM:0—71 and X1:01.....Xp.0, F N:o

Note that each type o; is assigned to exactly one variable x;. By an application of
(—E) we thus obtain a derivation in A— of x;: 01, ...,x,:0, F MN : 1. QED

Theorem 3.23 (Curry-Howard isomorphism)

Let Mp be the derivation in P— which corresponds to a term M typable in A—, as given
by Lemma 3.21. Let I1; be the A—-term which corresponds to a derivation Il in P—, as
given by Lemma 3.22. Then the following holds:
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1. (I1;) p is a derivation in P—s from which we can obtain T1 by substitution of formulas for
propositional variables.

2. (Mp); is (modulo the renaming of free and/or bound variables) a term which results
from M by identification of free or bound variables.

Proof. By Lemmas 3.21 and 3.22. QED

An example for (2) is the A-term
u(zx)(zy)

for which the type assignment algorithm yields
ua—a—=pziy—=ax:p.y:y L ulzx)(zy): B

ForT ={u:a—a—=pz:y—=a x:y,y:y} wehave I'° = {a—a—f.y—a,y}. The
corresponding derivation (u(zx)(zy))p in P—

(Id) (1d)

Fr=e W
d)
((E§ Fras(asp P T°Fa ((Ig; Frroe (WEr
- r°Fa—p N °Fa
yields

a—a—=pfy—aybp, f.

According to Lemma 3.22, a A-term of the form u(zx)(zx), where x and y are identified.
corresponds to this derivation.

The reason for this identification of variables is that information is lost in going from 41—
to P—, which cannot be regained by going from P— to A—. Note that by Lemma 3.22
the mapping of variables to formulas (= types) in instances of (Id) of A— can never
result in two variables having the same type. That is, by going from 1— to P— a sequent
oftheformI',x: 0, y: o F M : t cannot occur.

In view of this loss of information one might prefer the weaker term correspondence instead
of isomorphism. However, for a variant of natural deduction this loss of information can
be avoided (see Troelstra & Schwichtenberg, 2001, Ch. 6; cp. also Serensen & Urzyczyn,
2006, Ch. 4).

The Curry-Howard isomorphism induces reducibility and equality relations for deriva-
tions which correspond to >4 and =p. These relations are investigated in proof theory,
most prominently on the basis of the calculus of natural deduction (see Prawitz 2006).
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Consider the S-redex (Ax.M)N with type t:

2
(=) Ix:ct-M:t 73
I'AxM:6—1t T FN:o
(—E)
I'(Ax.M)N:z

Itis
(Ax.M)N >3 M[N/x]

To this there corresponds a contraction 7 for derivations in natural deduction:

[a]"
73 2
T n 9D o o
—1 2 > °
g—T ( - ) g (%E) 18 %1

where all occurrences of the assumption ¢ which are discharged by (—1) are replaced by
copies of the derivation ending with o:

2

ag

If there are no such occurrences, then the derivation is transformed into

77
T

The replacement of all occurrences of the assumption ¢ corresponds to the replacement
of all occurrences of x in M by N, i.e. to the substitution M[N/x].
Normalisability of A-terms corresponds to normalisability of derivations in natural
deduction and vice versa. If two derivations have the same normal form, then they are
equal in the sense of f-equality.
The left derivation represents an argumentation in which a lemma of the form ¢ — 7 is
used. This lemma does no longer occur in the right, contracted derivation. Normalisability
of derivations ensures that by using a lemma only those things can be shown that could
also be shown directly, i.e. without the lemma. This justifies the use of lemmas, which
allows in general for shorter derivations.
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4 The polymorphic typed A-calculus

The polymorphic typed A-calculus is also called System F or typed A-calculus of 2nd
order, short: A2.

Motivation: For example, the identity function id = Ax.x : @ — a should be independent
of a special type . That is, one would like to have id =~ Ax.x:Va.(a — o).

Definition 4.1

— The set of types of A2 is defined as follows: types
1. Type variables a, . 7.0, a1, ay, . .. are types. type variables
2. If ¢ and 7 are types, then (6 — 1) is a type (called function type). function type

3. If « is a type variable and o is a type. then Vo.o is a type (called universal — universal type
(polymorphic) type).
— The universal quantifier V binds stronger than —.
VYajoo ... a,.0 stands for (Voq.(Vao.(. .. (Va,.0)))).
— Occurrences of the type variable « in Va.o are called bound. bound

The set of free type variables FV (o) for a type o is defined analogously to FV(M) for  fiee type variable
A-terms M.

— A substitution ¢[t/a] is only allowed, if 7 is freely substitutable for « in ¢ (i.e. if
does not contain a variable which would in ¢[z/a] become bound by V).

Definition 4.2 Type assignment in A2 is defined by the axiom scheme type assignment
(Id) T,x:0Fx:0

and the rules:

(1) I'x:c-M:t (*)E)FFMZO'—VL' I'-N:ag
I'-(x.M):0—1 I'-MN:z
'-M:c . I'EM:Va.o
D FF 3 - vao T FVI) (VE) 71 M:o[t/a]
If "'+ M : o is derivable in A2, then we write ' F,, M : 0. derivable
Examples.

1. Ttis Fjp Ax.x:Va.(a—a):

(Id)
(—=1)
(VI)

x:abFx:a
Fix.x:a—a
Fix.x:Vo.(a—a)

Itisalso Fj Ax.x:Va.a—Vp.p and ) ix.x:Vh.Va.a— B).
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2. Itis ;) Axy.y:VaVB.(a— (B—B)):

(Id)

(=1)
(=1)
(V1)
(V1)

xX:akFlyy:p—=p
Fixyy:a—(B—B)
Fixy.y:Vp.(a—(B—H))
Fixy.y:VYaVB.(a—(B—B))

3. Itis Fp Ax.xx:VB.(Va.a— B):

(Id) (Id)
x:Va.a - x:Va.« x:Va.a - x:Va.a
((jE)x:Va.al—x:a%ﬁ[a_)ﬂ/a] (VE) x:Va.al x:«a (/]

x:Va.a b xx:f
Fix.xx:Va.a—f
FAx.xx:VB.(Vo.a— B)

(=1)
(VI

Itisalso Fj Ax.xx:VB.(Va.a— (B— B)) and ;5 Ax.xx:Vo.a—VB.B.

Definition 4.3 We define a transition relation ¢ 1 t and its transitive closure ¢ J 7 as
follows:
— Let ¢ O 7 (“o transitions into t”), if

7 = Va.o for a type variable « (7 is a generalisation of &),

or

0 = Ya.o and T = 1[0, /a] for a type g, (7 is a specialisation of o).
— Let ¢ Ot iff therearen > Osuchthato =¢; 3 --- J 0, = 1.

Remarks.
1. The relation T is not symmetric:

It holds that if ¢ 1 Va.o, then Va.o 3 0. But if Va.o; 1 g1[02/], then in general
we do not have g1[o,/a] O Va.o.

2. Intuitively, ¢ J 7 means that I' = M : 7 is derivable from I" - M : ¢ by applications
of V-rules only.

Lemma 4.4 Let I be given. Theno 1 t forg = ¢y 1 --- 1 g, = 1, where no type variable
occurring free in T is generalised in a step from o; to 6.1, iff there is a (sub-) derivation of
the following form:
I'EM:o
only V-rules.
'-M:z

Proof. Definition of J. QED
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Lemma 4.5
1. If T+ x:a0, then there is a type ¢’ with ¢’ 1 o such that (x:¢’) € T.

2. If T+ Ax.M : &, then there are types o and t such thatTU. x:c = M :tand (6 —1) 3 &

3. If T = MN:x, then there are ¢ and v/ with v/ J 7 such that T + M :0—1' and
I'-N:o.

4 IfT,x:c-M:1andT + N:o, thenT F M[N/x]: .

Remark. Cp. Lemma 3.4 (4)-(6) and (9). The other assertions in Lemma 3.4 hold for
A2 as well.

We will prove subject reduction (cp. Lemma 3.4, 10) in the following.

Definition 4.6 Let ¢° be the type ¢ without quantifier prefix (i.e. initial quantifiers are
discarded).

Examples.
1. Ve ....Vozn.(f)o =g

2. (Veu(VB.f—a)) =VBL—a

Lemma 4.7 If (6 —1) 3 (6’ —1’'), then (¢’ —1") = s(c—1) for a substitution s, i.e.

o' — 1’ is more special than ¢ — 7.

Proof. Let (6—1) =0y 3 --- 00, = (6'—1).
0~

We show: g} = 5;(c — 1) for every s; (1 <i < n).

This implies the lemma, since (¢/ —1')? = (¢/ = 1').
Proof by induction on n:

For n = 1: s; is the empty substitution.

Forn =m+ 1: Let ) = s,,(c —1).

0
m+

- Let g, = Va.p and 6,11 = p[p1/]. Then let 5,11 := su[p1/a], where s,,[p1/ ]

0

- Let o)y41 = Vouop,. Then o, | = 0,,. 1.€. Sug1 := Spr.

differs from s,, only by a — py. QED

Theorem 4.8 (Subject reduction) If '+ M :6 and M >3 M', then T + M': 0.

Proof. We consider the case M = (ix.P)Q >3 P[Q/x] = M’'. From this the rest
follows.

Suppose I' - (Ax.P)Q: ¢ holds.
By Lemma 4.5 (3) there are then types r and ¢’ with ¢’ J ¢ such that

'-ix.P:t—¢ and TFQ:1.
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By Lemma 4.5 (2) there are then types 7 and ¢’ J o as well as types t/ and ¢” such that
Ix:7’+-P:¢” and TFQ:7

with (7' —=¢”) 3 (r—d’).

By Lemma 4.7 there is then a type r and ¢’ 3 ¢ such that
I'x:t-P:¢’ and TFOQ:1

where 7 and ¢’ are more special than ’ and ¢, respectively.
By Lemma 4.5 (4) there is thus a type ¢’ 3 o such that T - P[Q/x]: d".
By Lemma 4.4 therefore I' - P[Q/x]:a. QED

Next we will prove that every term typable in A2 is strongly normalisable.

Definition 4.9
— A valuation in SAT is a function v: type variables — SAT.

— We define a semantics of types relative to valuations v; 4 is a set of terms:
L. [e], = v(a).
2. [o—=1], := [o],—[],.
3. [[V@ﬂ]]v = nAESAT [[U]]v[a.—my

Lemma 4.10 For every type o and every valuation v it holds that [o], is saturated (cp.
Lemma 3.7).

Proof. Analogously to the proof of Lemma 3.7. It remains to show that SAT is closed
under intersection; but this is trivial. QED

Definition 4.11 We define satisfiability as follows, where for valuations p and interpreta-
tions [M], of terms Definition 3.8 applies:

L pvEM:0 == [M], € [o],:

2. pvET (&= pvEx:cgforall (x:0) €T

3. TEM:o :<= Forall valuations p, v itholds: If p,v ET, then p,vE M : 0.

Lemma 4.12 (Soundness) If T'- M :c, thenT = M : .

Theorem 4.13 If T' - M : o, then M is strongly normalisable.

Proof. Suppose ' = M : ¢. Then by soundness I' F M : ¢ holds. That is, for all valuations
p.vitholds: If p,v ET, then p,vE M:0.

Since [[a}]v is saturated for every valuation v, we have p;;, v F T for every valuation v,
where piq(x) := x for every variable x. Hence pj.v E M :o holds, ie. M € [g],.
Therefore M is strongly normalisable. QED
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Remarks.

1.
2.

For 42 the problems of typability, type checking and type inhabitation are undecidable.
A2 has more typable terms than 1—.

The term Ax.xx is an example of a strongly normalisable term which is not typable in
A— but which is typable in 42.

. Is typability in 12 = normalisability ?

No. However, every term in normal form is typable in A2; i.e. for every term M in
normal form the following holds:

x1:Va.a, ..., x,:Ya.a - M : o for a type g, where x1, ..., x, are free variables in M.
But it is strong normalisability = typability in AN (System D).

There are no universal types in AN, but so-called intersection types a N 7, for which
the following type assignment rules hold:

I'tM:0c0 THEHM:7t
I'EM:on<

I'EM:on7t
I'EM:o

I'EM:on7t
I'EM:t

(N1) (NE) (NE)

Thus M : ¢ N 7 expresses that M has both type ¢ and type z.

Itis F;n Ax.xx:((c—=1)No)—=1:

(1d) — . (1d) — .
(ﬁE)x'(o—‘?T) ﬂ)aﬂ}— x}_. (a.—n')ﬁo (mE)x.(a—.>(f)ﬁa)}—mx.}(_a—.>r)ﬂa
(_>E)x. o—=T)NokFx:0—=1 x:(c=1)Nokx:0o

x:(c=1)Nokxx:t

(=)

Fixxx:((c—1)No)—rt
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