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Abstract

Inductive characterizations of the sets of terms, the subset of strongly normalizing terms and
normal forms are studied in order to reprove weak and strong normalization for the simply-
typed A-calculus and for an extension by sum types with permutative conversions. The
analogous treatment of a new system with generalized applications inspired by generalized
elimination rules in natural deduction, advocated by von Plato, shows the flexibility of the
approach which does not use the strong computability /candidate style & la Tait and Girard. It
is also shown that the extension of the system with permutative conversions by n-rules is still
strongly normalizing, and likewise for an extension of the system of generalized applications
by a rule of “immediate simplification”. By introducing an infinitely branching inductive rule
the method even extends to Godel’s T.

Introduction

Normalization proofs for the simply-typed A-calculus enjoy continuous interest [Gog95, vRS95,
vRSSX99] in the literature although the main results of weak and strong normalization have been
established quite early by Turing (around 1941, published in [Gan80]) and Sanchis [San67].

This article employs a proof method that allows to show strong normalization for all typed
terms without recourse to inclusive predicates such as strong computability [Tai67] or validity
[Pra71] that are not formalizable in primitive recursive arithmetic. A simple induction on types
verifies that (strong) normalizability is closed under application while closure under substitution
has to be shown simultaneously.

Separating concerns. With the prospect of computer-checkable formalization and of proof-theoretic
analyses of normalization proofs for more complicated calculi we identify independent steps in the
proof. This is done by introducing strictly positive inductive definitions of the underlying con-
cepts, thus abandoning geometric notions (such as positions in terms, reduction trees and reduction
sequences) that would lead to ponderous arguments in the desired extensions.

Strong normalizability. Intuitively, a term r is strongly normalizing iff there are no infinite re-
duction sequences starting with . However, the data type of reduction sequences is notoriously
problematic for computer-assisted proof development. Following [A1t93] and the tradition in proof
theory, we define strong normalizability of a term r (with respect to a binary relation —) induc-
tively by
vl =1 =)
r{

Thus, when checking strong normalizability of a term r it is sufficient to consider every one-step
reduct of r instead of all possible (potentially infinite) reduction sequences.

Still, reduct analysis becomes increasingly annoying in normalization proofs for more and more
complex systems. Therefore, we characterize strong normalizability via an inductive definition of
a set SN given by syntax-directed Horn clauses, reducing the task of checking all one-step reducts
to analysing no more than one standard reduct and some subterms. The proof of equivalence with
the earlier definition is in fact the only place where reduct analysis has to be carried out.
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For pure untyped A-calculus such an inductive characterization has first been presented by
van Raamsdonk/Severi [vRS95]. Among other goals, this article aims at extending the underlying
notion to extensions of the base calculus by recursion, case operators and generalized eliminations
(see below).3

Weak normalizability. A term r is weakly normalizing iff there is a finite reduction sequence
starting with r and ending with a term which allows no further reduction. We give an inductive
definition more suitable for a satisfying formalization. When checking weak normalization of a
term r according to this definition one has to check some reduct of . Unfortunately this reduct is
not determined by r. Therefore, we also characterize weak normalizability via a syntax-directed
inductive definition, thus embodying a reduction strategy that easily allows to read off which
reduct to check.* Establishing the characterization this time amounts to proving standardization.

Building on these preliminary considerations the normalization proofs in sections 4-7 exclu-
sively argue on the syntax-directed inductive definitions.

Notation for multiple eliminations. In the inductive characterization of strongly normalizing terms
we recognize the standard redex of a term by displaying it in head form. This requires the
introduction of a metasyntactic abbreviation: A list of terms ry,...,r, is written 7 and can
be used to denote iterated eliminations like in a7 and (Axs)r (which stand for xry...7, and
(Axs)rry...ry). Notice that those lists may actually be empty, leading to z7¥ = x (where = is
syntactic equality).

It is crucial that we can carry this style of writing down multiple eliminations to more complex
term systems as long as they enjoy an introduction/elimination dichotomy under the natural
deduction (Curry-Howard) interpretation. This holds for ordinary term application, recursion on
natural numbers (corresponding to N-elimination in natural deduction, i.e., induction on N) and
case analysis (+-elimination), generalized applications & la von Plato as well as for many other
systems not studied in this paper.® Thus we arrive at a more general notion of elimination rR of
the term r that may stand for the application of 7 to R (—-elimination with R a term), recursion
rR with R = (s,t) (s the initial term, ¢ the step term, usually written Recstr), case analysis rR
with R = (z.s,y.t) (commonly denoted by case r of injyz = s, of inj;y = t) and generalized
application rR with R = (s,z.t) (for r = y written as t,{r, s} in [Sch99]).

The vector notation turns out to replace concepts like branches and endsegments [Pra71]
which have been important elements of normalization arguments in systems with permutative
conversions.

Simply-typed A-calculus. The basic system is dealt with in the first four sections: In section 1
untyped A-calculus, function types, reduction and weak and strong normalizability are defined.
In section 2 weak normalization is shown by a method relying on a proof by induction on normal
forms. As we define weak normalizability from the set of normal forms this method is free from any
notational overhead, i.e., any defined concept entering the proof is already needed for stating the
result, viz. weak normalization. Section 3 contains the characterizations of weakly and strongly
normalizing terms (also for the extension by the n-rule), section 4 the proof of strong normalization.

Permutative conversions. They—also called commuting conversions—recover the subformula prop-
erty® for terms in normal form in a system with sum types and a case-construct. Difficulties arise

3Based on a draft version of the present article, an extension to a logical framework using dependent types has
been carried out by Goguen [Gog99] whose typed operational semantics [Gog95] has been found independently
of [VRS95]. Interestingly, the initial motivation for the work reported here was a kind of reverse engineering of
Goguen’s thesis [Gog94] for systems without dependent types.

4[VR96] stated and proved this characterization correct for pure untyped A-calculus.

5[Mat98] employs this approach in an analysis of extensions of Girard’s system F by various forms of mono-
tone inductive types. More recently, [Joa0l] even gives a precise definition and analysis of the general notion of
introduction/elimination systems which incorporate the underlying concept.

6“The type of any subterm of r : p is subtype of either the type of a free variable or of p.” See, e.g., [Hin97] for
a good exposition.



with so-called critical eliminations r(x.s,y.t) : T of a term r of type p + o where 7 need neither be
a subtype of p nor of o. This has led to the invention of endsegments and validity predicates (see
[Pra71] for a graphical and [vdP96] for a term-based definition) or improper reductions [Lei75].

In section 5 we use the vector notation together with an only marginal modification of the
basic normalization argument and come up with a short and easily formalizable proof which even
covers the n-reduction rules.

Generalized applications. They allow a further simplification of the grammar of normal forms for
the A-calculus by means of a generalized application rule that corresponds to the left introduction
rule in sequent calculus. As in the case of sum types we have to add permutative conversions—now
for function types—in order to retain the subformula property for normal terms. The methods of
section 5 easily carry over to this system as shown in section 6, hence yielding strong normalization
which appears to be a new result.

Godel’s T. Although the normalization proofs in the previous sections of this paper do make use
of inductive definitions they could be formalized within primitive recursive arithmetic, since all
inductive clauses have finitely many premises only (see [Tro73]). For reasons of proof-theoretical
strength we cannot hope to extend the simple normalization proof to Godel’s T without major
modifications since it is well-known that termination of T implies consistency of Peano arithmetic
[G6d58] and that this fact is provable in primitive recursive arithmetic.

It will turn out that the inductive characterization SN of the strongly normalizing terms can be
extended to T while the embedding of the set of all terms requires the introduction of an infinitely
branching clause in an inductive definition of a subset £ C SN to cover recursion. A vaguely
similar program has first been carried out for a combinatory version in [San67].” In section 7 we
cover the full reduction relation of the A-calculus with primitive recursion in finite types, profiting
from our vector-based term display.

Acknowledgments. We would like to thank our mentor Helmut Schwichtenberg for numerous
encouraging meetings and stimulating advice. Wilfried Buchholz provided invaluable insight into
inductive definitions. Jan von Plato brought to our attention the problem of strong normalization
for natural deduction with general eliminations, the solution of which now forms the core of
section 6. For repeated discussions and helpful remarks we are grateful to Henk Barendregt, Ulrich
Berger, René David, Healfdene Goguen, J. Roger Hindley, Tobias Nipkow® and Anne Troelstra.

1 M-calculus

1.1. Terms. (Raw) terms r,s,t € A are generated from variables x,y, z (of an infinite supply) by
the grammar
Asrsu=x | rs | Aar

x is bound in Azr. Notationally, we let application associate to the left, writing r§ for rs; ...s, =
(...(rs1)...s,) with a possibly empty vector §. As remarked in the introduction the use of lists
to denote multiple eliminations is a metasyntactic device. Pointwise application of a function f
or a predicate P to a list of terms 7 will be denoted by f(7) and P(7), respectively; the comma
serves to denote concatenation and elongation: 7,7, 58,8 =7, 71,...,Tn, 81, - Sm, S-

We use the point notation Az.r to omit the parentheses in Axz(r), where the range of the point
extends as far as syntactically possible. The simultaneous substitution of terms § for £ in r is
defined as usual and written either rz[3] or r[# := §]. Terms which differ only in names of bound
variables are identified, i.e., a-equal terms are equal.

7Other approaches can be found for instance in [Dil68], [How80] and [Sch93].
8Nipkow verified lemmata 3.3, 3.4 and 4 with the theorem prover Isabelle and gave worthwhile hints for im-
provement.



1.2. Inductive characterization and normal forms. The set of terms is inductively characterized
by the following grammar —

Asrysu=ar | Axr | (Aar)ss,

where the last form captures non-normal terms; we will see later that this presentation exhibits
the leftmost outermost reducible expression (redex). Excluding this last clause we obtain the
grammar of normal forms

NF 3 r u=af | Azxr.

1.3. Types and type assignment. p,o, T are generated from basic types ¢ by the grammar

p,ou=1 | p—o.

Given a unique assignment x : p of types to variable symbols such that for each type infinitely
many variables exist, we can determine the typable terms and their unique type by the following

.9
rules: rip—o S:ip r:o T:p

rs:o Axrip— 0
We will decorate (sub-)terms with types in superscripts (as in r?s) in order to signify that they
are typable and get the respective type. A~ denotes the set of typable terms under a fixed type
assignment for the variables.

1.4. Reduction. The reduction relation — := —g is generated from the [B-conversion rule
(Axr)s — r,[s] by means of the compatible closure, extending conversion inductively by

/ / / !
r—r = Axr — Axr,rs —rs,sr — sr.

—7T is the transitive closure of — (defined inductively), —* is the transitive, reflexive closure. The
resulting reduction relation is also compatible in the sense that » — 7/ implies s, [r] —* s,[r'], and
Sz[r] = s.[r'] if x occurs exactly once in s. It is substitutive insofar as r — 1/ implies r,[s] — r.[s].
That reduction preserves typability and types is a consequence of compatibility together with the
fact that type-correct substitution respects types.'?

We see how our inductive term characterization finds the leftmost outermost convertible ex-
pression!! and that NF exactly captures the irreducible terms.

—, is generated from the conversion rule Az.rz — r (if « is not free in r) using the compatible
closure. We write —g,, for —g U —,.

NOTATIONS. We define r | (r is weakly normalizing) inductively by

r € NF r—r']

rl rl

Thus r | & ds € NF.r —* s.

r |} (r is strongly normalizing) is defined in the introduction. The set {r | r ||} amounts to
the well-founded part WF_, of the reduction relation.'? r | is equivalent to: There is no infinite
reduction sequence starting with r [=: Induction on r |J. < is an instance of bar induction]. We
write #r for the finite height of the (finitely branching) reduction tree of strongly normalizing
terms r, given recursively by #r :=sup{#r' +1 | r — r'}.

9 Although our choice of typing discipline does shorten arguments considerably, it is not vital for the course of
proofs, since we are only dealing with simple types here.

10We will not further comment on typability and type issues for the rest of this paper in order to keep the
presentation short.

11See [Bar84] for a discussion of the mentioned concepts and various reduction strategies.

12Let > be a binary relation on the fixed set M.

Prog, (X) & VzeM.(Vy<zyeX)=>z€X, (X is =-progressive)
WF = ({X CM | Prog, (X)}.
o The definition of the well-founded part WF yields the schema Prog, (X) = WF,. C X  of accessible
part induction. (footnote continued on page 5)



2

Weak normalization proof

2.1. The proof. In this section we assume that all mentioned terms are typable.

LEMMA. 7,8” € NF = (i) rs |, (i) r5[s] |.

PRrROOF by simultaneous induction on p, side induction on r € NF.

yr.

Assume yi* € NF has been obtained from 7 € NF. (i). yi's € NF follows immediately. (ii).
Side induction hypothesis (ii) shows 7[s] |; let t be the respective normal forms. If z # y
then (y7).[s] = y7[s] |. Otherwise

(y7)z[s] = (xF)[s] = s7[s] = st.
Thus for s7,[s] | it suffices to show st |. For this we use an additional induction on the
length of . If this vector is empty st = s € NF by assumption. Otherwise ¢ = i ,t and by
induction hypothesis we have st! | with normal form s’. Since sth is applied to t we know
that the type of ¢ is a subtype of the type p of s. Hence the main induction hypothesis (i)
yields s’t |, with normal form s”. Putting the reductions together we get (with the help of
compatibility)

st = stit —* 't —* s" € NF.

. (i). Ayr € NF is derived from r € NF. Hence the side induction hypothesis (ii) for r proves

ry[s] |. Consequently (Ayr)s — r,[s] also normalizes.
(ii). Without loss of generality y # x and y not free in s'3, so (A\yr).[s] = A\yr.[s]. By side
induction hypothesis (ii) r,[s] |, thus Ayr,[s] |. QED

THEOREM. 7° |.

PROOF by induction on r. 2 € NF by definition. rs | by the lemma (part (i)), using the induction
hypothesis for » and s. Azr |, since by induction hypothesis r |. QED

2.2,

Extracted program. By formalizing this constructive normalization proof in the style of

[Ber93] we obtain

e the algorithmic content nf : A~ — NF of the theorem (defined by recursion on the term

structure): -
nf(Axr) ; Az nf(r)
nf(rs) := app(nf(r),nf(s))

the algorithms app : NF x NF — NF, subst, : NF x NF — NF (with auxiliary function
app, : NF* — NF for s € NF where NF* denotes the set of finite lists over NF and ¢ is the

WF is >-progressive itself.

Definition by recursion on WFy is admissible, since WFy is an example of a deterministic inductive defini-
tion.

If > C >’ then Prog, (X) implies Prog, ,(X), hence WF._, C WF,, i.e., \>.WF, is antitone with respect
to C.

WF, = WF_; where =1 is the transitive closure of . [For the interesting part WF,. C WF_+ one has to
show that WF, 4 is >~-progressive. 2D uses antitonicity.] This means that “course-of-generation-induction”
is a derived induction principle, the use of which will be announced as induction on WF,_ ..

B3thanks to the identification of a-equal terms



empty list), extracted from the proofs of part (i) and (ii) of the lemma (defined by recursion
corresponding to the induction principles used):

app(yr, s) = yrs

app(Ayr, s) = substy(r, s)

subst, (yr,s) := if x =y then app,(subst,(7,s)) else ysubst, (7, s)
apps(i) = s .
app,(t,t) = app(app(t),?)

subst, (Ayr,s) = Ay substg(r,s)

2.3. A reformulation. First notice that
(%) re NF=rz|

[Case Azr:** (A\zr)z — r € NF. Case yi: yrz € NF if 7 € NF]. This fact can be used to merge
the two assertions of the lemma into one that speaks about substitution only, allowing a shorter
proof that does no more involve an induction on the length of the application in the case of (ii)
y7. We are grateful to René David for hinting at this trick which he found and showed to us for
the strong normalization case (see section 4) after our presentation of a very early version of the
present paper.t®

LEMMA. 7,8 € NF = r,[s] |.
PRrROOF by induction on p, side induction on r € NF.
Case yr. The proof is trivial if 7 is empty or  # y. Otherwise yi* = (xtpO)Plfwith pP=po— p1-

e By the side induction hypothesis t,[s] |, f,[s] | with normal forms ¢/, #. Hence 21t/ € NF
for a new variable z; of type p;.

e () shows szg | for any new variable zg of type po, let s’ be al® normal form. By
substitutivity
st' = (s20)z[t'] =" s, [t'].

By induction hypothesis at po (which is a subtype of p) we get s [t'] | with normal
form — say — sg.

Together this allows to apply the induction hypothesis for p; to obtain (21157)21 [so] | and this
provides a normal form of the term in question:

(xt)2[s] = stols]in]s] = st'tl —* sot’ | .
Case \yr. (\yr)z[s] = Ayrz[s], so the side induction hypothesis proves the claim. QED

COROLLARY. 1,5 € NF=>rs |.

PROOF. Use the lemma for s and r with new . QED

14This is a rather subtle application of bound variable renaming. It is, of course, possible to make it explicit.

15In [Dav01], this idea is made fruitful for the uniform proof of several known and also new characterizations of
terms typable in systems of intersection types by normalization properties.

16Confluence ensures that normal forms are unique but this is not required throughout the paper.



The extracted algorithms subst, and app differ from the previously found programs and use the
constructive content app® : NF — NF of the proof of (x).

app®(Azr) = 17

app” (y7) = yrz

subst, (Ayr, s) = Ay subst,(r,s)
subst (y, s) := if z =y then s else y
subst,(ytt,s) = ifz=y

then subst., (z15ubst, (£, 5), subst., (app (s), subst, (t, 5)))
(20 not free in s, z; not free in , s)

else y subst, (t, s)subst, (Z, s)

app(r, s) = subst,(zs,r), (z not free in s)

3 The sets WN and SN

In the proof of Lemma 2.1 we used three closure properties of the set {r | r |}.

Tl = ar],
rl = Azr],
re[s]5] = (Aar)ss|.
We now use these clauses to generate the sets WN and SN inductively which will turn out to
capture the concepts weakly and strongly normalizing exactly, even in the context of untyped

A-calculus. The characterization of WN and SN with respect to the intuitive notions of weak and
strong normalizability can be found in [vRS95].18

3.1. DEFINITION. The sets SN C WN C A are defined inductively by the following rules.

r € WN € WN r,[s]5 € WN
TN (v rEWN () . ®)
x € WN Azr € WN (Azr)ss € WN
€ SN € SN r.[s]5 € SN s € SN
— =2 (Var) =2 ()) il (8)
xr € SN Azr € SN (Axr)ss € SN

REMARK. The derived term of each rule has a different form — in fact, there is a one-to-one
correspondence between the rules and the grammar rules in 1.2 — and therefore the sets WN and
SN are generated freely, rendering recursion admissible. Furthermore both sets contain NF by
definition.

Using the abbreviation U := (Az.zx)(Ar.zz) € A\ WN we see that (Ayz)0 € WN \ SN.

3.2. Weak normalization for WN. r € WN implies r |, since the defining rules are closure
properties of {r | r |}. But the converse direction also holds,'® so we have r € WN <= r |. The

I7If we used explicit renaming of bound variables this clause would read app®(Ayr) := ry[z].

18See the introduction for the reasons why we do not simply refer to those results and the equivalence of the
intuitive definitions with r | and r {}.

19This means that the reduction strategy that underlies the definition of WN actually is the standard reduction
strategy guaranteed to exist by the standardization theorem (see, e.g., [Dav95] for a short exposition).



normal form |(r) of a term 7 € WN can be defined by recursion as follows.2°

|:WN — NF,

L) =z (),
L(Azr) = Az [(r),
(Axr)ss) = |(rg[s]8).

3.3. LEMMA. (Soundness). SN C WF_,.

PROOF by induction on SN, i.e., by showing that the set of strongly normalizing terms is closed
under the rules defining SN.

(Var). Assume 7 |}. Since each reduction on x7 has to take place in one of the 7, we also get =7 |}.
(A\). Each reduction on Azr actually occurs in 7, so the hypothesis r || yields Azr |.

(8). We show (Azr)ss | by main induction on s |} and side induction on r,[s]5 {}.21 We have to
prove t || for any immediate reduct ¢. The following reductions are possible.

(Axr)s§ — (Axr’)sS. Then ry[s]§ — r.[s]§ by substitutivity, hence by side induction hy-
pothesis (Azr’)s§ ).

(Axr)ss — (Aar)s’'s. Then r,[s]s —* r;[s']§ by compatibility, hence also r,[s']§ ||. The
main induction hypothesis yields (Axr)s’s .

(Azr)s§ — (Azr)ss’. Then r,[s]§ — r4[s]s’, hence by side induction hypothesis (Azr)ss’ |.

(Axr)s§ — r;[s]§ | by assumption. QED

Along the lines of the proof one can verify the following inductive bounds on the height #r of the
reduction tree for terms r € SN:

FHaF < S #F, #F er < #r?2 and  F#(\wr)ss < 1+ #r,[s]5+ #s.

3.4. Completeness. For the purpose of the normalization proof it is not necessary to know that
SN captures all strongly normalizing terms. Nevertheless the result is interesting in its own right.

LEmMMA. WF_, C SN.

The proof uses nested inductions on WF_, and the term structure. In fact, the lemma is an
instance of the following proposition, the generality of which will pay off in section 5.

PROPOSITION. Let — be a binary relation on the set WF,, with

"

Ve N et =" = 3 =" e (commutation).

Then WF_, C WFay_..

20Goguen’s typed operational semantics [Gog95], which inspired our work, can be understood as a combination
of SN, NF and the normal form function | into one inductive definition.

21This argument is crucial to the proof of strong normalization and to our knowledge it is an unavoidable part
of any strong normalization proof amenable to a faithful formalization. Most often, however, it is hidden in an
argument via infinite reduction sequences. In order to clarify the intricate structure of the argument we spell out
the nesting of inductions precisely. Main induction on s |} amounts to showing —-progressivity of the set

M :={s | Vr,§rz[s]5 = (Azr)ss|{}.

So assume that any one-step-reduct of s is in M. For s € M we do side induction on 7;[s]s |}, i.e., we show
—-progressivity of the set
N:={t' | ' § AV, 5t =rz[s]5= (Azr)ss |}
So assume t’ is a term and each immediate reduct is in N. We have to show ¢/ € N. t’ |} follows from the definition
of |}, since N C WF_,. If ¢ has the form ry[s]s we have to show (Azr)ss |, so we prove ¢ || for every one-step
reduct t. Henceforward, each clause of the proof in the main text can be recast using the pending assumptions.
22(Clearly, the first two inequalities even hold with =.



PROOF by (accessible part) induction on —. With »:= > U — our goal is Prog_,(WF, ), which
reads Vr.(Vs—r.s € WF,.) = r € WF,_. Using induction on > we need to prove

Prog, (Ar.(Vs—r.s € WF,) = r € WF,) = Vr.(Vt<ar.A(t)=te WF.)AA(r) =r e WF,..
—_———

=:A(r)
So assume r with
(1) Vtar.A(t) =t € WF, and
(2) A(r) =Vser.s € WF,.

We need to show r € WF.. Since the well-founded part WF_ is >-progressive it suffices to show
Vs <r.s € WF.. So let r > s.

Case 7 — s. Then s € WF, holds by (2).

Case r>s. Using (1) it suffices to know A(s), i.e., Vt«s.t € WF,. So assume r>s — ¢. Then by
commutation there exists an r’ with r — ' > ¢, so by (2) also v’ € WFy_, hence t € WF, as
r’ = t. QED

To get the lemma, we first apply the proposition to — and a restricted subterm relation > given
by the clauses
x> rg,  Axr>r, and  (Axr)sSs.

Clearly, WF, = A. Commutation is shown by simple case analysis.

eror —1r = dxr — \zr'>r,
x> >, = af — ar >y,

(Azr)ssps — s = (\ar)ss— (Aar)s'sps’.

The proposition yields WF_, C WF,_.. The latter is a subset of SN by antitonicity of A>-.-WF_,
since SN is generated as WF— with 1 extending > by head-conversion

(Azr)s§ O rys]s.

3.5. On 7. The set SN also captures exactly the notion of strongly normalizing for —g,. For
WF_,,, € SN we apply antitonicity of A=.WF, . For the converse inclusion, the proof of Lemma
3.3 remains largely unaltered due to the fact that n-reductions on the left side of an application
(as in (Az.rz)s —, rs) are also f-reductions and thus need not be considered. Furthermore
n-reductions on the right side of an application (i.e., rAz.sx —, rs) are always covered by the
induction hypothesis. So we only have to deal with the new case of a head-n-reduction Az.sz — s
in part () of the proof when showing that Az.sz || follows from sz |}, but clearly s |, since the
set {r | r{}} = WF_, of strongly normalizing terms is closed under subterms.

It has been shown elsewhere [AJ01] that strong normalization (and confluence) of combined G-
reduction and n-expansion follows from the same property of G-reduction alone. As a consequence
SN also exactly characterizes the set of strongly normalizing terms with respect to —g,; (defined
loc. cit.).

3.6. The SN-method [Mat98]. Having the characterization of strongly normalizing terms via
SN at hand, one can rearrange traditional strong normalization proofs, e.g., by the method of
logical predicates, such that they do not refer to reduction. Using suitable extensions of the vector
notation, SN can also be defined for system F and extensions such as by monotone inductive types.
The saturated sets variant [Tai75] of Girard’s normalization proof may be adapted, with the notion
of saturatedness naturally arising from the definition of SN. This is also true for systems with
permutative conversions as shown, e. g., in [Mat00].



4 Strong normalization proof

In this section we lift the proof of Lemma 2.1 to strong normalization, using the SN-method
explained above. We assume throughout that all displayed terms are typable.

LEMMA. 7 € SN,s? € SN = (i) rs € SN, (it) r5[s] € SN.

PROOF by simultaneous induction on p and side induction on the generation of € SN. In essence
the proof is parallel to that of Lemma 2.1 but the use of SN shortens arguments considerably.

(Var). r = y7 € SN is generated from # € SN. (i). 7 € SN together with s € SN shows y7s € SN,
using (Var). (ii). Side induction hypothesis (ii) yields [z := s] € SN for each 7 in 7. Now
if y # = we get y;[s] € SN at once. Otherwise we need s7;[s] € SN, but this follows by
multiple applications of the main induction hypothesis for (i), since each of the arguments
in the nested application has a subtype of p.23

(A). Ayr € SN is generated from r € SN. (i). For (Ayr)s € SN it suffices to show r,[s] € SN.
But this is exactly the side induction hypothesis for (ii). (ii). Side induction hypothesis (ii)
yields r;[s] € SN and consequently Ayr,[s] € SN.

(B). (\yr)tt € SN is obtained from r,[t]f € SN and ¢ € SN. Therefore both side induction
hypotheses apply and yield (i) 7, [t]ts € SN and (ii) (r, [t]t)[s], t.[s] € SN, respectively. From
these we obtain the assertions (\yr)tts € SN (i) and ((Ayr)tt).[s] € SN (ii) by definition of
SN. QED

REMARK. A proof of the statement of the lemma with SN replaced by WN is only marginally
simpler.

THEOREM. All terms are strongly normalizable.

PRrROOF. Show r € SN by induction on the structure of r, using the lemma. Lemma 3.3 proves
strong normalizability of r. QED

Again (compare with 2.3), we can merge parts (i) and (ii) of the lemma into closure under substi-
tution using the

PROPOSITION. 7 € SN => rz € SN.**

PROOF by induction on SN. QED

LEMMA. 7,s” € SN = r,[s] € SN.

PROOF by induction on p, side induction on r € SN. We only mention the variable case with a
non-trivial elimination (2¢”°)”*t on the same variable x that is substituted by s. Then p = pg — p1.

e By the side induction hypothesis we have t,[s], ,[s] € SN. Consequently also zf,[s] € SN
for a fresh variable z : p;.

e By the proposition we have sy”° € SN for a new y, hence by induction hypothesis for p also
stg[s] € SN.

e The induction hypothesis for p; shows (xtt),[s] = (2t[s]).[st[s]] € SN. QED

As a corollary we get closure of SN under application, again.

23More precisely, this argument involves an additional induction on the length of the list ¥, analogous to the
proof of Lemma 2.1.
24Induction on 7z € SN would show the converse direction.
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5 Extension to permutative conversions

We proceed to a typed calculus with sums and permutative conversions similar to those being
studied in [Pra71], [Lei75] or [GLT89]. In contrast to their expositions we do not consider product
types or other first-order extensions, although the proof method copes with them, too.

5.1. (Raw) terms. Let always i € {0,1}.
s, tu=a | Ayr | rs | inj;r | s(zo.to,x1.t1).

The variables y, zg, x1 get bound in r, g, t1, respectively.

5.2. Types and type assignment. The type grammar is extended to sums p + 0. In order to get
unique types for typable terms we add a type subscript to the injection (writing inj; p) that will,
however, be omitted.

Tl r:ipo+p1 So:0 S1:0
mnj; , .7 :po+p1 r(xf.s0, 2 s1) 1 o

(The type superscripts of variables in the second rule indicate the type assignments for those
variables. In fact, the assignments are premises of the rule.) Note that typing rules out pathological
terms like (Azr)(x.s,y.t) or (inj,r)s.

In the rest of this section we require all mentioned terms to be typable.

5.3. Inductive characterization. We use capital letters R, S, T for eliminations®®, which are either
terms or sum-eliminations (zg.sg, 21.51):

R:=r | (x0.50,21.51)-

The terms r, so and s; are named elimination terms in this definition. Eliminations of the
form (zg.s80,21.51) are called critical. We write (2.0, 21.51)z[t] for the capture-free substitution
(zo.S0[x := t], x1.81[x :=¢]).

Using a square bracket notation [...] for optional syntax elements, we can inductively charac-
terize the set of typed terms by

A~ ors u= aF[R] | Awr | injr |

@i (wo.50,21.51)9S | (Aar)sS | (inj,)(z0.50, 21.51) R.

5.4. Normal forms. The last three clauses in the inductive term characterization are not con-
sidered normal. This is intuitive for the f-redices (Azxr)sS and (inj,r)(z¢.so,z1.51)S. The term
x7(20.80, €1.51)5S need not fulfil the subformula property in general.

NF > r == zF[(z0.S0, x1.51)] | Azr | inj;r.

Notice how the inductive term characterization uniquely determines the canonical redex of non-
normal terms.

5.5. Reduction. These redices are removed by means of J-conversion
(Azr)s —p_, r2[8], (inj;r)(@o-80, T1.51) —p, Silz; =7,
and permutative conversions

r(z0.50,71.51)S —x 7(20.509, v1.515).25

25Note the ambiguity: R as well as rR are called eliminations (cf. the introduction).
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The compatible closure — of these conversions is given by

/ / !/ A e e
r—r = sr—sr,rS —r'S Aer — Axr',inj;r — inj,r’,

s(xor,yt) — s(zr’ y.t),s(yt,xr) — s(y.t,z.r).

5.6. DEFINITION. The set SN is generated inductively by the following rules where (z.r,y.t) € SN
is an abbreviation for r,¢ € SN.

7[,R] € SN
L (Var) _r €SN (\)
xF[R] € SN Azr € SN
x(xg.505, £1.815)S € SN (Var,)?" LSN(HU)
mf(xo-so,zl-sl)sg € SN inj;r € SN

r.[s]S € SN s € SN
(Azr)sS € SN

(6-)

silzi:=7]S€SN  §_,S€SN  reSN
(B+)

(inj;r)(x0.50, 21.51)S € SN

REMARK. zR is necessarily generated from an x7[R] where a potentially critical elimination
R occurs outermost, if at all. Furthermore z7[R] can be obtained from 2R by permutative
conversions.

It is also worth mentioning that the definition of SN incorporates permutations for variable
eliminations only. The following lemma shows that this is sufficient to capture all strongly nor-
malizing terms.

LEMMA. SN = WF_,.

PROOF. “C” (soundness): We again have to show that WF_, = {r | r |} has the closure
properties which define SN. For (Var) and () the proof remains unchanged, (inj;) is as trivial as
(M\). The proof for (8_) is verbosely the same as that in section 3, replacing § by S. Notice that
now permutative conversions may affect the length of the list S.

(Vary). Show z7(x.50.5, xl.slS)g I = z7(x0.s0, x1.51)5’§ | by induction on z7(z.50.5, x1.515)§
€ WF_+. We have to show t |} for every reduct ¢ of z7#(x¢.s0, 21.51)SS. The only interesting
case arises with S = TT and a permutation of S = (yg.to, y1.t1) with T leading to

t = a7 (x0.80, 1.51) (Yo-to T, yl.tlT)T’.
t | follows by induction hypothesis as
a7(20.50, 21.518)S = 27050 (Yo-to, y1-t1), x1.51(yo-to, y1.t1))TT
reduces with three permutative reduction steps (hence once —7) to

xi(z0.50(Yo-toT, y1.t:1T), x1.51(yo-to T, y1-t1T))f-

26Gtrictly speaking, we require xg, 1 not to be free in S. Otherwise the rule would not comply with a-equality.
27This clause is subject to the same proviso as the rule of permutative conversion.
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(6+). Show that s;[z; := r]§ U, s1-:8 |} and r | imply (inj;r)(xo.S0, 1. sl)gll by main induction
on r |, side induction on Si [x; = ’)"]S |, side side induction on s;_ S | and a third side
induction on the length of 5. We have to show ¢ | for every reduct ¢ of (inj;r)(z¢.50, #1.51)S.
The most interesting case is when S =TT and (20.50,21.51) is permuted with T, i.e.,
t = (inj,;r)(zo. sOT . $1T)T. This is an apphcatlon of the third side induction hypothe51s
since (5;T)[x; := r]T = s;[x; := ]S I, s1_TT |} and r .28

“D” (completeness): Use nested course-of-generation inductions on r |} and r. Actually, we may
also apply the general proposition of 3.4. To this end define > as follows.

Azr > Ty inj,r >
[Rl > Tk, xf'(xo.so,xl.sll > S,
(Axr)sS > s, (inj;r)(z0-S0, x1.51)S > s1-;5 and r.

Clearly WF, = A~ since the size of the terms decreases in each clause. Commutation of >
with —7T is shown by simple case analysis where the crucial case necessitates —7 instead of —
(inj;7) (2050, ¥1.51)S > 5135 —T t implies

(injir)(xo.so,xl.sl)g —* (injir)(xo.sog,xl.slg) —T { (?DJOT)(J,‘().S()S,xl.E) }pt,
(inj,7r)(zo.t, x1.51.5)

Proposition 3.4 yields WF_,+ C WF,,_+. Using properties of WF we get
WF_, =WF_+ CWF,,_+ CWF,,_, CSN.
QED

LEMMA. 7“(1;0.505’,901.51S)§ € SN — r(mo.so,xl.sl)Sg € SN.

PROOF by course-of-generation-induction on r(xg.505, €1.51.5 )§ € SN. Distinguish cases according
to the shape of r. Most cases are a trivial application of the induction hypothesis. Interesting are

Case x7(yo.to, y1.t1). Assume xf’(yo.to,yl.tl)(xo.SOS,xl.slS)§ € SN. This has been concluded by
repeated application of (Var,) from

(yo to(l’o Sos xIq. slS)S Y- tl(.TQ Sos xXq. 815) ) € SN

i.e., we have got ¥ € SN and both ¢;(x.50.5, xl.slS)g € SN before. By induction hypothesis
we get t;(xg.50, xl.sl)Sg € SN. Hence

‘T??(yo.to(‘fo.SO, $1.81)S§, yl.t1($0.50, JTl.Sl)Sg) € SN.
Using the rule (Var,) repeatedly we obtain

a??j'(yo.to, yl.tl)(xo.so, $1.81)S§ € SN.

Case inj;r. Assume (inj;r)(0.505, 71.515)S € SN. This has been derived from (s;9)[z; := r]S =
silzi :=7]9S € SN and r,s,_;55 € SN. Hence (inj;r)(xo.50,21.51)55 € SN. QED

28This case requires slﬂ'g | as second premise, justifying the somewhat peculiar fact that (84 ) goes back to 31,i§

instead of the subterm s1_; of (inj;7)(z0.50, z1.51)S. In an untyped calculus the term (injox)(z0.y, T1.A2.22) (Az.22)
would be a counter-example to SN C WF_, with the wrong formulation: The permutative reduct has U as a subterm.
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5.7. LEMMA. For all types p, for all r € SN,
(i) if s» € SN then rs € SN,
(ii) if r : p = po + p1 and sg,s1 € SN then r(zg.S9,x1.51) € SN,
(iii) if s € SN then r5[s] € SN.

PRrROOF. By simultaneous induction on p, side induction on r € SN. Distinguish cases according

to r € SN. We always first prove (i) and (ii) in parallel and later infer (iii), possibly with the help

of (ii).

a7 [R]. Let S € SN. If [R] is void then 7S € SN simply follows from 7, S € SN. Otherwise we may
assume that R is a critical elimination of the form (x.s9,x1.51). For 7(z¢.50, 21.51)S € SN
we need z7(x.509, 21.91.5) € SN and this requires 59,59, $1.S € SN. But the latter follows
from the side induction hypothesis for sqg and s; which in case that S is critical applies
since they have the same type as x7(xz¢.S0,z1.51). In case (i) we do not need this last fact.
Note that in order to use the side induction hypothesis (ii) we always have to check that the
previously generated term in SN has the same (sum) type p.

x7(Zo-S0, xl.sl)Tf € SN has been derived from x7(zg.507T, xl.slT)f € SN. The side induction hy-
pothesis for the latter yields z#(xg.s0T, x1.51T)TS € SN, so we obtain x7(xq.S0, x1.51)TTS €
SN at once.

Azr € SN has been derived from r € SN. Since Azr necessarily has a function type we only have to
deal with case (i) and may apply the side induction hypothesis for (iii) in order to conclude
rz[s] € SN. Hence (Azr)s € SN.

(Azr)tT. If S € SN then by the respective side induction hypothesis rw[t]fS € SN, hence
(Azr)tT'S € SN by (6-).

inj,r € SN is derived from r € SN. Since inj,r has a sum type only case (ii) is possible. The
assertion (inj;r)(zo.s0,z1.51) € SN can be obtained from s;[z; := r|] € SN using the (84)-
rule, and that follows from the main induction hypothesis (iii) since r has a strictly smaller
type than inj,r.

(inj;7)(z0-50, x1.51)S. Similar to the (3_)-case: (inj;r)(zo.50,z1.51)S € SN has been inferred from
silz; :==7]S € SN, s7_;5 € SN and r € SN. Since the first two terms also have type p the
side induction hypothesis may be applied and yields

si[z; = r]§S € SN and s1-;98 € SN,
so one application of the (35 )-rule proves the assertion

(inj;7) (0.0, $1-S1)§S € SN.

In the proof of (iii) the complicated cases are the variable eliminations (all other cases are covered
by the side induction hypothesis).

Case y7[R]. The side induction hypothesis supplies us with 7;[s] € SN and R,[s] € SN.
o If x £ y this suffices to conclude (y7[R]).[s] € SN.

e If x =y and the elimination is empty the claim follows at once from s € SN.

e If not we successively apply s to the substituted eliminations 7, [s], using the induction
hypothesis for (i) repeatedly at subtypes of p, arriving at s7[s] € SN. If [R] is not void
we may assume that R is critical. If, moreover, 7 is empty we apply (ii) at type p (which
already has been proved) in order to conclude that sR,[s] € SN. Otherwise s7;[s] has a
subtype of p and we apply the induction hypothesis for (ii), obtaining s [s] R, [s] € SN.
For this to work it is vital that at most the last elimination is critical, because in
contrast to —-eliminations the types are not in general lowered by +-eliminations.

14



-,

Case y7(x0.50, #1.51)SS. By induction hypothesis (y7(z¢.505, z1.515)5)z[s] € SN. In the more
difficult case of y = z this term has the form

51 (2058, 41.5,8") 5"
Using the previous lemma we obtain s’ (zo.s), z1.5})5’S" € SN. QED

COROLLARY. 7.

5.8. On 7. Let now —, be generated from the eta conversion rule for function types Az.ro — r
(if x is not free in r) as before and the eta conversion rule for sum types r(z¢.injyzo, z1.inj;21) — r
and write —gq, for — U —,. Asin 3.5, WF_ ,_ C SN by antitonicity of A=.-WF.. The converse
inclusion SN C WF_, | is shown by a slight extension of the soundness proof. We only discuss
the interesting new cases:

Var,). If z7 r0-S0,L1-S1 SS — LET_'SS =: t due to S; = iIlj-iZ?i, then S has the form S =
T n i
(l'o.t07.%'1.t1)29 and

—

x(zg.505, £1.515)S = acf’(xo.(injoxo)(xo.to,xl.tl),xl.(injlxl)(xo.to,xl.tl))§
reduces with two (G, -steps to ¢, hence ¢ | follows from the assumption alone.
If xF(xo.so,xl.sl)Sg — xf'(xo.so,ml.sl)§ =: t due to S = (yo.injoYo, y1-inj;y1), then
xF(xo.soS,xl.slS)g reduces to t in two 7-steps, and therefore we again do not need the
induction hypothesis.
(B1). If (inj;r)(zo.50,21.51)S — (inj;7)S due to s; = inj;z; for j € {0,1}, then (inj,;r)S =
silz; := ]S |} by assumption.

We already know that A~ C SN, hence also — gy, is strongly normalizing.3°

6 Extension to generalized applications

Generalized applications allow to further simplify the grammar of normal forms in A-calculus. The
term system presented here is inspired by von Plato’s generalized natural deduction trees [vPO01].

Its typed version contains — as the only type constructor, although the proofs directly carry
over to a system with products (with a generalization of projections) and sums (with the usual
elimination rule, treated above). In fact, the proofs in this section for — are guided by those of
the preceding section for +.

6.1. (Raw) terms.
A srsitu=x | dyr | s(t,y.r).
The variable y gets bound in r in these terms. By setting rs := r(s,y.y), A embeds into AJ.
6.2. Inductive characterization and normal forms. We use capital letters R, S, T for eliminations,

i.e., for syntactic objects of the form (s, z.t). We will write R.[r] for the capture-free substitution
(sz[r], z.tz[r]). The set of terms is inductively characterized by the following grammar —

AJsra=z | 2R | Axr | 2RSS | (\xr)SS,

where the last two forms capture non-normal terms: zRSS is a permutative redex and ()\:cr)Sg
is a f-redex (see below). By excluding these last clauses we obtain the grammar of normal forms

NF s rs,ti=a | x(s,2.t) | Azr.

29Concerning the choice of variable names, see footnote 14.
30The double-negation-translation used in [dG99] for establishing strong normalization of — does not cover —n.
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6.3. Types and type assignment. By using the types and type assignments for variables from 1.3,
the typable terms and their unique type are given by the rules:

rip—0o s:p t:T r.o T:p
r(s,2%.8) : T Axr:p—o

(The type superscript of z indicates the type assignment for z and could have been written as an
extra premise.) By restricting the first rule to r = x, we get a typing of the normal forms and
arrive at a term notation for the cut-free Gentzen calculus (describing the implicational fragment
of intuitionistic propositional logic), the first rule being the left —-introduction rule.3* Therefore,
the typing rules are correct from a logical point of view.

Induction on NF verifies the subformula property of normal terms.3?

6.4. Reduction. The conversions to be dealt with are 3-conversion
(Azr)(s, z.t) —g tlz == 1y[s]]
and permutative conversion
r(s,2.t)S —5 (s, 2.t9).33
Their compatible closure — is given by
r—r = rS —1'S s(r,zt) — s(r',2.t),s(t, z.r) — s(t, z.r"), Aer — Aar’.

Clearly, reduction preserves typability and types, i.e., we have subject reduction for —.

6.5. DEFINITION. The set SN is generated inductively by the following rules.

SN
 (Var _ r ESBN
sesy Lver) ror €SN
st eSN (Var) x(s,z.tS)bl €SN (Var, )34
x(s,z.t) € SN x(s,21)SS € SN
tlz:=r[s]]S €SN rseSN
(B)

(Azr)(s, z.t)S € SN

LEMMA. SN= WF_,.

PROOF. “C” (soundness): Once again we show that WF_, = {r | r |}} has the closure properties
which define SN. (Vary) is trivial, for (Var) and (\) we essentially take the proofs of section 3.
(Var,) works in nearly the same way as in the preceding section. The proof for (3) is a combination
of (B) in section 3 with (41 ) in section 5. The last two properties are shown in detail for reference
purposes.

(Vary). Show z(s, 2.tS)S |} = x(s, 2.t)SS || by induction on z(s, z.tS)S € WF_+. We have to
show r | for every reduct r of z(s, z.t)S§ . The only interesting case arises with S=1T
and a permutation of S = (¢/,2.t') with T leading to r = x(s, z.t)(s, 2 AT)T. 7| follows
by induction hypothesis as (s, z.t5)S = x(s, z.t(s, 2/.t'))TT reduces with two permutative
reduction steps (hence once —1) to a(s, z.t(s', 2/ .t'T))T.

31An alternative notation for x(s,2.t) proposed in [Sch99] is t.{z,s} which is motivated by the following
type-preserving translation into the normal forms of simply-typed A-calculus: F(z) := z, F(Azr) := AzF(r),
F(x(s,z.t)) := F(t)[z := xF(s)]. Its natural extension F(r(s,z.t)) := F(t)[z := F(r)F(s)] translates AJ into A,
but does not simulate reduction, so it cannot serve to infer strong normalization from A~ . Neither can the variant
with F(r(s, z.t)) == (AzF(t))(F(r)F(s)).

323 RSS need not have the subformula property: zi7"(y4, 2" AxP P 2)(AyPy, 2*.z) : v has the subterm Ayfy of
type p — p with arbitrary type p but only the free variables x1 and y; of types ¢« — ¢ and ¢.

332 shall not be free in S, compare footnote 26.

34This clause is subject to the same proviso as the rule of permutative conversion.
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(8). Show that t[z := rx[s}]g I, 7 § and s | imply (/\xr)(s,z.t)§ |} by main induction on s |},
side induction on r |}, side side induction on t[z := r.[s]]S | and a third side induction
on the length of §. We have to show 7' |} for every reduct r’ of (Azr)(s,z.t)S. In case
of the outer (-reduction the assumption is used; reduction in s needs the main induction
hypothesis, reduction in r the side induction hypothesis. Reductions in ¢ and in S as well as
permutations between S are covered by the side side induction hypothesis. The remaining
case is when § = T'T and (s, 2.t) is permuted with T, i.e., v’ = (Azr)(s, z.4T)T. This is an

—

application of the third side induction hypothesis since (tT)[z := ro[s]]T = t[z := r4[s]]S.

“D” (completeness): Once again use nested course-of-generation inductions on r |} and r or apply
the general proposition of 3.4 with > defined as follows:

z(s,zt)>sand t, Azrsr, and  (Azr)(s,z.t)S>r and s.
QED

LEMMA. 7(s,2.t5)S € SN = r(s, 2.t)SS € SN.

PROOF by course-of-generation-induction on r(s, z.tS)g € SN. Distinguish cases according to the
shape of r. The last two cases of the grammar in 6.2 are a simple application of the induction
hypothesis, the case of a variable is rule (Var,). Interesting are

Case z(s',2".t'). Assume z(s', 2 .t')(s, 2.tS)S € SN. This has been concluded by repeated applica-
tion of (Var,) from z(s’, 2'.t'(s, z.tS)S) € SN, i.e., we have got s’ € SN and #/(s, 2.t5)S € SN
before. By induction hypothesis we get (s, z.t)SS € SN. Hence z(s', 2’.t'(s, 2.t)SS) € SN.
Using the rule (Var,) repeatedly we obtain z(s’, z/.t')(s, z.t)SS € SN.

Case Azr. Assume (Azr)(s,2.tS)S € SN. This has been derived from r € SN, s € SN and
(tS)[z := r2[s]]S = t[z := r4[s]]SS € SN. Hence (Azr)(s, z.t)SS € SN. QED

6.6. Strong normalization. For the rest of this section we assume that all displayed terms are
typable.

LEMMA. For all types p, for all r € SN,
(i) ifr: p=po — p1 and s,t € SN then r(s, z.t) € SN,
(ii) if s € SN then r[s] € SN.

PRrROOF. By simultaneous induction on p, side induction on r € SN. Distinguish cases according
to r € SN. One always first has to prove (i) and later infers (ii), possibly with the help of (i). (i).
Case (Varg) only needs (Var); (Var), (Var;) and (8) are covered by the side induction hypothesis
(check that the type of the main induction is not affected) and the rules (Var,)&(Varg), (Vary)
and (), respectively. (ii). Case (Varg) needs either the assumption (if r = x) or rule (Vary) again;
(Var,), (M) and (8) follow from the side induction hypothesis and the previous lemma, rules (\)
and (8), respectively. Therefore, only (i)(A) and (ii)(Var) are studied in detail. The reader is
invited to contrast them with case Azr and the third subcase of y7[R] in the proof of 5.7.

(i)(A). Let Axr : pg — p1 be in SN due to r** € SN. Show that (Azr)(s??, 2.t) € SN. By rule (3)
it suffices to show r, s € SN and t[z := r;[s]] € SN. By induction hypothesis (ii) for type po,
rz[s] € SN. r;[s] : p1, hence by induction hypothesis (ii) for type p1, t[z := r;[s]] € SN.

(ii)(Var). Let y(s’,2’.t") be in SN due to s',t € SN. Show that (y(s',2".t')).[s] € SN. By side
induction hypothesis (ii), s.[s],t,[s] € SN. If y # x, we are done by rule (Var). Otherwise,
we have to show s(s.[s], z’.t.[s]) € SN. This is an instance of (i) for the same type p which
is proved before (ii) and hence already available. QED
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COROLLARY. 7.

6.7. On k. Following the idea of “immediate simplifications” in [Pra71l, p. 254] which allow to
reduce +-eliminations r(xg.S0,x1.51) to the term s; if z; does not occur free in s; (for i € {0,1}),
define the new conversion rule r(s, z.t) — ¢, if z is not free in ¢ and write —, for its compatible
closure and — gy, for — U —,. Then also — gy, is strongly normalizing because WF 3., has the
defining closure properties of SN: (Varg) and ()\) are trivial as before; (Var) may in addition have
an outer k-conversion which is trivial to handle, though. The proofs for (Var;) and (5) in 6.5
have to be extended by some cases:

(Varg). If z is not free in ¢ and r = £S5, then also z(s, 2.t5)S —, r. If § = (s, 2/.t') with 2/
not free in ¢’ and r = ¢'S, then z(s, 2.t5)S —, (s, 2.t')S — r since we may assume that
z is not free in t'. Finally, if S = R(s',2’.t/)T with 2’ not free in ¢ and r = /T, then

x(s, z.tS )§ —, 7. Note that the induction hypothesis is never needed in these new cases.

(8). If z is not free in ¢ and ' = S, then this is also a G-reduction (an analogous situation
to that of 5 in 3.5). If § = R(s,2.t')T with 2’ not free in ¢’ and r = #'T, then also
tlz =1y [s]]S —k 7. QED

7 Godel’'s T

Compared with a combinatory version [Tai67, San67, Wei97], primitive recursion in finite types
over the A-calculus presents additional difficulties in normalization proofs: [-reduction might
substitute variables in the recursion arguments, giving rise to new recursion steps. This mixing of
(- and recursion steps can be avoided by adapting a special reduction strategy [Dil68, How80] or
restricting recursion arguments to numerals only.?® In this section we show strong normalization
for the general form of a A-calculus enriched by number and recursion constructors as well as
recursion reductions. In order to keep the presentation short we directly proceed to the typed
calculus although an untyped version of Gédel’s T can be described (Example 3.3.5 in [Joa01]).

7.1. Terms and Types. We formulate T by adding a basic type N for the natural numbers, a
constant 0 : N and a unary function symbol S : N — N for the successor. Higher-order recursion
is implemented by the elimination rule

r:N s:p t:N—-p—p
r(s,t): p

We identify natural numbers n with the respective numerals S...S0.
——

n times

7.2. Inductive characterization and normal forms. Once more we extend the notion of elimination
to capture N-recursion:

R,S =71 | (r9).

With this notation we can characterize terms by
Torso=aR | Xer | 0| Sr | 0(r,s)S | (Sr)(s,t)S | (Axr)sS
and normal forms by

NFsrsu=xzR | Aer | 0 | Sr with Ru=7r | (r,s).

35In combinatory versions of T the latter restriction is quite common [San67, Sch77].
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7.3. Reduction. Additional conversion rules are
0(r,s) —r (Sr)(s,t) — tr(r(s,t)).
The compatible closure — is defined as expected:

r—r = t(r,s) — t(r',s),t(s,r) = t(s,7"),rR — ' R,Sr — Sr’, \ar — Axr’.

7.4. DEFINITION. (r,s) € SN is an abbreviation for » € SN and s € SN.
(© r € SN (S r € SN \)
0 € SN Sr € SN Azr € SN
and for recursion

rS € SN s € SN tr(r(s,t))S € SN

. (Ro) > 5% (Rs)
0(r,s)S € SN (Sr)(s,t)S € SN
The rules (Var) and () now allow for N-eliminations.
R €SN ro[s]S €SN seSN
HESN () LIS ESK )
xR € SN (Azr)sS € SN

LEMMA. SN = WF_,

PROOF. Parallel to the proofs in section 3, except for the rule (Rs) in the proof of “C” where
induction on tr(r(s,t))S € WF_,+ is needed, because ¢t and r occur twice in this term. QED

COROLLARY. SN is closed under the subterm relation.
7.5. The set Q. We cannot (hope to) extend the simple proof of closure under substitution for
SN for typed terms due to the variable rule. Therefore we investigate a subset of SN, termed (2,

for which we can show this property.

DEFINITION. The set Q is generated by the same rules as SN, where (Var) and (Rs) are restricted

7 tn(n(s,t T €
FeQ y,, ool en o
zr € € (Sn)(s,)T €Q
and the following infinitary w-rule is added.
re (s, )T €Q - pen
» (w)
r(s, )T € Q

REMARK. N-eliminations of a variable can only enter Q through the w-rule.?%

LEMMA. 7€ Q,s € Q = (i) rs € Q, (ii) ry[s] € Q.
PrOOF. We use simultaneous induction on p and side induction on the generation of r € 2. We
only cover the new cases. (0) is trivial. (S), (Rp) and (Rs) follow directly from the side induction
hypotheses. So consider the rule (w), where r(tg,t1)T € Q is inferred from r €  and infinitely
many assumptions r, := n(tg,t1)T € Q.
(i) The side induction hypothesis shows r,s € Q for each n € N. Hence we may apply rule (w)
in order to obtain r(tg,t1)Ts € SN.

(ii) The side induction hypothesis yields 7, [s] € @ and Vn.r,[z := s] € . Thus one application
of the rule (w) proves (r(to,t1)7T).[s] € Q. QED

36Thus in the untyped calculus the term z(\z.2z,y)(\z.2z) would be in SN\ Q.
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COROLLARY. 7 € Q.

PROOF by induction on r. The interesting new case is an N-elimination (where we use the w-rule):
Let r : Ny;s : p,t : N = p — p be in Q. In order to conclude r(s,t) € Q it suffices to show
VYn.n(s,t) € Q. This is done by side induction on n.

Case 0. 0(s,t) € Q is inferred from s,t € Q by the rule (Rp).
Case n+1. By the side induction hypothesis for n we have n(s,t) € Q. Two applications of lemma

(i) yield tn(n(s,t)) € Q, to which the rule (Rs) applies. QED

7.6. Injecting ) into SN. The rules of  are restrictions of SN-rules, except for (w) which is a
weakened version of the following rule of value expansion

r € SN Ir|(s,t)S € SN
r(s,t)S € SN

(%)

where |r| is defined recursively for rN € SN by

|zR| = 0,
0] = 0,
|Sr| == S]r|,
|(Azr)sS| = |ra[s]S],
0(r,s)S| = |rS],
1(Sr)(s, )] = |tr(r(s,1)S).

Therefore 2 can be embedded into SN extended by rule (x). The following lemma shows that (x)
is already admissible in SN, hence €2 C SN.

LeEMMA. (Value expansion). 5N € SN, r[7 := |5|] € SN = r[7 := §] € SN.

PROOF. We abbreviate rf := rz[f] and set 7 := |§|. The assertion is proved by induction on the
generation of r" € SN.

Case (S). Assume 7" = St € SN has been concluded from ¢ € SN. If r = x;, then ¢ is a numeral
and r® = ] = sy, so the claim is trivial. Otherwise r = Sty with ¢t = ¢ and the induction
hypothesis shows ¢§ € SN, hence also St§ € SN.

Case (0). Analogous, but simpler.

Case (Var). 7 = 2R € SN has been concluded from R € SN. z cannot be in # and we only need
to use the induction hypothesis for R.

Case (Rg). Assume @ = 0(rf,7})R' € SN has been concluded from 7R’ ; € SN. Now if
r = 0(ro,71)R then the claim follows easily from the induction hypothesis for r{R’, r].
Otherwise r = (ro, 71 )R, ni, = 0 and we have to show

si(r§, i) R¥ € SN.
‘We derive this as an instance of
vsN € SN.|3| = 0 = 3(r,r5)R* € SN,

which is proved by side induction on § € SN. Since § : N and |§| = 0, the cases (S) and (X)
cannot occur. Furthermore, all reduction steps (rules (Ry), (Rs), (8)) are easily reverted, so
we only consider the following two cases.
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Case 0. This case is identical to the one where r = 0(rg, r1)R.

Case 25. We need zS(r5,r$)R¥ € SN, which amounts to r5, B¥ € SN and r{ € SN. The
latter follows from the main induction hypothesis for § = r;. The other terms are
in SN since r§R’§ € SN by the main induction hypothesis (applied to r(’)ﬁ’:’ ) and SN is
closed under the subterm relation.

Case (Rs). Suppose r = (Sr')(s',t')R' € SN comes from ¢'r'(r'(s',t'))R' € SN. Now if r =
(8r")(s,t)R then the claim follows easily from the induction hypothesis. Otherwise r =
xi(s,t)R, ny is the successor of — say — m and we need to show

sk(s¥,t°)R* € SN.

Similar to the case (Ry) we show the more general statement

vaN|5| = Sm = §(s%,t*)R® € SN

by side induction on § € SN. Since |§| = Sm, the variable cases and 0 can be excluded. All
reduction cases are easily handled by the side induction hypothesis. So we are left with the
case (S) where § = 8§ and |§'| = m. It suffices to show

58’ (§'(s%,t%)) R¥ € SN.

This term can be expressed as r}  [3, 8] with r* = tz(z(s, t))R and a new variable . More-

over,

r3 [ m] =t (' (s ) R

so we can use the main induction hypothesis for that term to prove the claim.

The cases (\) and () are simple applications of the induction hypothesis. QED

COROLLARY. 7.
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