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Abstract

We show that the standard normalization-by-evaluation construction for the
simply-typed Agy-calculus has a natural counterpart for the untyped Ag-calculus,
with the central type-indexed logical relation replaced by a “recursively defined”
invariant relation, in the style of Pitts. In fact, the construction can be seen as
generalizing a computational-adequacy argument for an untyped, call-by-name
language to normalization instead of evaluation.

In the untyped setting, not all terms have normal forms, so the normalization
function is necessarily partial. We establish its correctness in the senses of
soundness (the output term, if any, is in normal form and (-equivalent to the
input term); identification (S8-equivalent terms are mapped to the same result);
and completeness (the function is defined for all terms that do have normal
forms). We also show how the semantic construction enables a simple yet formal
correctness proof for the normalization algorithm, expressed as a functional
program in an ML-like, call-by-value language.

Finally, we generalize the construction to produce an infinitary variant of
normal forms, namely Bohm trees. We show that the three-part characterization
of correctness, as well as the proofs, extend naturally to this generalization.

*Extended version of an article to appear in RAIRO — Theoretical Informatics and Applications.
An earlier version appeared in the proceedings of FOSSACS 2004 [FR04, FRO03].
fBasic Research in Computer Science (www.brics.dk),
funded by the Danish National Research Foundation.



Contents

1 Introduction
1.1 Reduction-based and reduction-free normalization . . ... .. .. ..
1.2 Normalization by evaluation . . . . . ... ... ... ... .......
1.3 The Berger-Schwichtenberg normalization algorithm . . . .. ... ..
1.4 A tentative algorithm for untyped terms . . . . . . .. .. .. ... ..
1.5 Related work . . . . . . . . ...

2 A semantic normalization construction
2.1 Syntax and semantics of the untyped A-calculus . . . . .. ... .. ..
2.2 Output-term generation . . . . . .. . ... ... L.
2.3 A residualizing model . . . . . ... oo

3 Correctness of the construction
3.1 Correctness of the wrappers . . . . . . .. .. ... ... ...
3.2 Adequacy of the residualizing model . . . . . .. ... ... ... ...
3.3 Correctness of the normalization function . . ... .. ... ... ...

4 An implementation of the construction
4.1 Syntax and semantics of an ML-like call-by-value language . . . . . . .
4.2 The normalization algorithm . . . . . ... ... ... ... ......

5 A generalization to Béhm trees
5.1 From Aterms to Ad-trees . . . . . . . ... ..o
5.2 A semantic Bohm-tree construction . . . . . . .. ... .. ... .. ..
5.3 Correctness of the construction . . . . . . ... ... ... ... ... .
5.4 An implementation of the construction . . . . . . . .. ... ... ...
5.5 Observing Bohm trees . . . . . . .. ... .. ... .. .
5.5.1 Computations with infinite results . . . . . .. .. .. ... ..
5.5.2 Observing A-trees. . . . . . . ...
5.5.3 Implementing tree-observationsin ML . . . . . ... ... ...

6 Conclusions and perspectives
A Existence of invariant relations

Existence of isomorphisms
B.1 Isomorphisms for the redualizing model . . . . .. .. ... ... ...
B.2 Isomorphisms for Bohm trees . . . . . . ... ... .. ... ... ..

U s W ow W

© 0o I



1 Introduction

1.1 Reduction-based and reduction-free normalization

Traditional accounts of term normalization are based on a directed notion of reduction
(such as (B-reduction), which can be applied anywhere within a term. A term is said
to be a normal form if no reductions can be performed on it. If the reduction relation
is confluent, normal forms are uniquely determined, so normalization is a (potentially
partial) function on terms. Some terms (such as ) may not have normal forms
at all; or a particular reduction strategy (such as normal-order reduction) may be
required to guarantee arrival at a normal form when one exists; such a strategy is
called complete. There is a very large body of work dealing with normalization in
reduction-based settings.

However, in recent years, a rather different notion of normalization has emerged,
so-called reduction-free normalization. As the name suggests, it is not based on a
directed notion of reduction, but rather on an undirected notion of term equivalence.
Equivalence may be defined as simply the reflexive-transitive-symmetric closure of an
existing reduction relation, but it does not have to be: any congruence relation on
terms may be used. The task is then to define a normalization function on terms,
such that the output of the function is equivalent to the input, and such that any two
equivalent terms are mapped to identical outputs [CD97].

For some notions of equivalence (such as [-convertibility of untyped lambda-
terms), it is actually impossible to define a computable, total normalization function
with both of these properties; we must thus accept that the normalization function
may be partial. However, even in that case, we can impose a completeness constraint:
if we have an independent syntactic characterization of acceptable normal forms, we
can require that the function both produce terms in this form as output, and that it
be defined on all terms equivalent to a normal form.

1.2 Normalization by evaluation

A particularly natural way of obtaining a reduction-free normalization function is
known as normalization by evaluation (NBE), based on the following idea: Suppose
we can construct a denotational model of the term syntax (i.e., such that equivalent
terms have the same denotation), with the property that a syntactic representation
of any normal-form term can be extracted from its denotation; such a model is called
residualizing. Then the normalization function can be expressed simply as a compo-
sitional interpretation in the model, followed by extraction.

A priori, such a normalization function is not necessarily effectively computable. It
can be given a computational interpretation if the denotational model is constructed
in intuitionistic set theory [CD97], but this gets somewhat complicated for domain-
theoretic models, especially those involving reflexive domains. In such cases, it is
often easier to establish that the constructions are effective by showing that they can
expressed as images of program terms in a language for which the domain-theoretic
semantics is already known to be computationally adequate.

(It should be noted that the term NBE is also sometimes used for a related concept,
based on reducing — usually in a compositional way — the normalization problem, which
may in general involve open terms of higher type, to an evaluation problem, which



involves normalization of only closed terms of base type. The required transformation
is often syntactically related to the model-based construction above, but the model
itself is not made explicit; and in fact, the subsequent evaluation process may still be
specified entirely in terms of reductions.)

1.3 The Berger-Schwichtenberg normalization algorithm

Perhaps the best-known NBE algorithm is due to Berger and Schwichtenberg [BS91].
It finds Bn-long normal forms of simply-typed A-terms. We present here its outline,
glossing over inessential details.

Types are of the form 7 ::= b | 74 — 2. A natural set-theoretic model interprets
each base type b as some set, and the function type as the set of all functions between
the interpretations of the types, i.e., [r1 — 7] = [11] — [r2]. For a type assignment
I', we also take [I'] = [T, cqomr[I'(@)]-

Let A be the set of syntactic A-terms (written with explicit constructors for em-
phasis) over a set of variables V. For a well-typed term I' - m : 7, we can then express
its semantics [m] € [I'] — [7] as follows:

[VAR(z)] p = p(z)
[LAM(z",mo)] p = Xal™. [mo] plz — ]

[APP(my,m2)] p = [ma] p([m2] p)

It is easy to check that such a model is sound for conversion, i.e., that when m < g, m’,
then [m] = [m/'].

Consider now a model where all base types are interpreted as the set of (open)
syntactic A-terms, i.e., [b] = A for all b. In this model, we can define a pair of type-
indexed function families — reification, | : [7] — A, and reflection, 17 : A — [7] — by
mutual induction on the type index 7:

11 =1 1?72 f = LAM(2™, [ (f(1™ VAR(2)))) (z “fresh”)
1 =1 1o = Nl 4™ (APP(1, | a))

For simplicity, let us only consider normal forms of closed terms. Then reification can
serve directly as the extraction function: one can check that, for a term - m : 7 in Bn-
long normal form, |7 ([m] @) <>, m. Hence, by soundness of the model, for any term
m/ with m’ <g, m, |” ([m']0) = |” ([m]0) <4 m g, m’'. Alternatively, one can
show the latter property directly, for an arbitrary m’. Either way, the typical proof
ultimately involves a logical-relations argument, even if this argument is pushed en-
tirely into a standard result about the syntax (namely, that every well-typed term has
a fn-long normal form). The latter approach, however, generalizes better, especially
to systems where not all terms have normal forms.

1.4 A tentative algorithm for untyped terms

In an untyped (or, more accurately, unityped) setting, we may hope to get a residu-
alizing model by interpreting the single type of terms as a domain D = A+ (D — D).
(Again, we gloss over domain-theoretic subtleties for expository purposes.) We can



then define variants of reification, | : D — A, and reflection, T : A — D, roughly
analogous to the simply-typed case:

ba ina(f) — LAM(z, | (f(1 (VAR(2))))) (2 “fresh”)

case d of {
10 = in(1).

Note that reification is now defined by general recursion, rather than induction. We
can also construct an interpretation, [m] € (V— D) — D, by

[VAR(2)] p
[LAM(z, mo)] p

p(x)

[APP(mq1,ma)]p = case [mi]p of {;:21((?) : }E[[Ansﬂ(;,)l ([m2] p)))

Here, reflection is performed “on demand”: when application needs a semantic func-
tion, but [m4]p is a piece of syntax, it is reflected just enough to allow the application
to be performed.

Again, it can be checked that (-convertible terms have the same denotation. It is
also fairly easy to verify that, for a closed m in S-normal form, | (m] ) <o m. What
is not obvious at all, however, is that when | ([m'] @) = m for a general m/, then m’
must be syntactically G-convertible to a normal form. Indeed, the problem is a gener-
alization of the usual computational-adequacy problem for a denotational semantics
of a functional language: if the denotation of a closed term is not L (undefined), must
the term then evaluate to a value?

For a simply typed language, PCF, adequacy of the natural domain-theoretic
semantics was shown by Plotkin, using a logical-relations argument [Plo77]. Pitts
showed that essentially the same argument applies to an untyped language, except
that the central relation is no longer constructed by induction on types, but as a
solution of a more general “relation equation”; he also showed a general method for
solving such equations, yielding invariant relations [Pit93].

In this paper, we first formalize the construction of the normalization function from
above, addressing especially the issues of potential divergence and generation of fresh
variable names (Section 2). We then show correctness of this function by a general-
ized computational-adequacy construction (Section 3) and how the domain-theoretic
analysis directly validates a functional program implementing the construction (Sec-
tion 4). Finally, we show how the construction can be generalized naturally to B6hm
trees (Section 5).

1.5 Related work

The closest related work to ours is probably the NBE-based (in the alternate, reduction-
oriented sense) algorithm for untyped S-normalization proposed by Aehlig and Joachim-
ski [AJ04]. However, while the functional programs ultimately derived from the anal-
yses are quite similar, the correctness arguments are completely different: theirs are
based on syntactic concepts and results from higher-order rewriting theory, rather
than on the domain-theoretic constructions underlying ours.



We believe that the domain-theoretic approach enables a more direct and precise
correctness proof for the normalizer, as actually implemented. In Aehlig and Joachim-
ski’s work, the abstract algorithm is expressed as a small-step operational semantics
for a specialized, two-level A-calculus with named bound variables; whereas the actual
normalization program is formulated as a compositional interpreter in Haskell, using
de Bruijn indices for bound variables, and a reflexive type for the meanings of higher-
typed terms. It thus remains a potentially significant task to verify that the concrete
Haskell program correctly implements the abstract algorithm. On the other hand,
formally relating the domain-theoretic constructions in the model-based normalizer
to the functional terms implementing them, is completely straightforward.

An untyped, reduction-based NBE-like algorithm can also be found in disguise
in Grégoire and Leroy’s work [GL02], whose focus is on compilation. Their concrete
algorithm of strong reduction (i.e., B-normalization) by iterated symbolic weak reduc-
tion (akin to 7 and [-]) and readback (akin to | ) is ultimately quite similar to ours.
Their algorithm also handles several language extensions, such as inductive datatypes
and guarded fixpoints. However, as they consider only a strongly-normalizing frag-
ment of the A-calculus, establishing correctness becomes significantly simpler. Their
implementation takes the form of an abstract machine, whose (5000-line) correctness
proof is mechanically checked using a proof assistant. They do not mention how the
abstract machine is actually implemented.

Many of the constructions in the present paper are inspired by the first author’s
work on type-directed partial evaluation [Fil99]. Apart from the obvious differ-
ences arising from typed vs. untyped languages, a significant change is also that
the TDPE work considered equivalence defined semantically (equality of denotations,
under all interpretations of “dynamic” constants), while here we consider syntactic -
convertibility. Accordingly, the central invariant relation ties denotations to syntactic
terms, rather than to denotations in another semantics.

Essentially the same program as in Section 4, but expressed in FreshML, appears
in a recent paper by Shinwell et al. [SPGO03, Figure 7]. However, the focus there
is on a practical application of fresh-name generation, rather than on normalization
as such. Indeed, the underlying algorithm (informally attributed to Coquand) is not
supported by a formal correctness argument. In our variant, generation of fresh names
is handled explicitly: since constructed output terms are never subsequently analyzed
by pattern-matching, using a general framework such as FreshML, or higher-order
abstract syntax, is probably overkill. However, we anticipate that a different “back
end” for output generation could be used, and have deliberately tried to keep the
constructions and proofs modular with respect to the term-generation operations.
We thus expect that essentially the same arguments — perhaps even a little simplified
— could be used to verify correctness of the FreshML variant of the normalizer as
well.



2 A semantic normalization construction

2.1 Syntax and semantics of the untyped \-calculus

Syntax Let V = {x,y,...} be a countably infinite set of (object) variables, with x
and v ranging over V. The set of A-terms m is then the least set A such that

A = {VAR(z) | z € V} U{LAM(z,mp) | x € V,mg € A} U
{APP(m1,mz2) | m1 € A,mg € A}.

Note that we do not identify a-equivalent terms at the level of syntax. The set of free
variables of a term, F'V(m), is defined in the usual way. For any finite set of variables
A, we write A® for the set of A-terms over A, i.e.,

A2 ={meA|FV(m)C A}.

Substitutions For technical reasons, we take simultaneous (as opposed to single-
variable), capture-avoiding substitution as the basic concept. Accordingly, we say
that a substitution 6 is a finite partial function from variables to terms. We take
FV(0) = Uycdome FV(0(x)), and define the action of § on a term m in the usual
way, by structural induction on m:

0(x) if x € dom§
VAR(z) otherwise

LAM(z,mo)[0] = LAM(z',mo[0[z — VAR(2)]])
where ' & FV(0) U (FV(mo) \ {z})
APP(mq,m9)[0] = APP(mq[0], m2[0])

where f[a+— b] is function extension: fla— b](a’) = b if @’ = a, and f(a’) otherwise.
To keep the substitution operation deterministic, we assume that the 2’ in the LAM-
clause is picked as some arbitrary but fixed function of the (finite) set of variables
it needs to avoid. As a special case, we use the standard notation m[m’/z] to mean
m[0fz —m']].

VAR(2)[f] = {

Convertibility and normalization We define convertibility between A-terms,
written m < m’, by the axiom schemas for a- and (3-conversion,

LAM(z,m) < LAM(z',m[2'/z]) (2’ & FV(m)\ {x})
APP(LAM(z,m),m’) < m[m'/z],

together with the standard equivalence and compatibility rules, making « into a
congruence relation on terms.
We further define atomic (also known as neutral) and normal forms, as follows:

Fat my an ma Fat m an mo
Fat VAR(2) Fat APP(mq,ms2) ) Fuf LAM(z,mg)

For s € {nf,at}, we take Ny = {m | ks m}, i.e., the set of terms that can be
shown to be of syntactic form s by a finite number of rule applications.

We then expect a normalization function on terms to satisfy that the output, if
any, is in normal form and convertible to the input (soundness); convertible terms
either give the same output, or neither one does (identification); and if a term has a
normal form at all, the normalization function will return one (completeness).




Semantics A natural way of defining a denotational model of convertibility is in
terms of a reflexive pointed cpo D. Reflexivity means that the continuous-function
space [D — D] is a retract of D, i.e., that there exist continuous functions

¢$:[D—-D]—D and ¢ :D — [D— D],
with ¢ o ¢ = id;p_ p). The induced interpretation, [m] € [V — D] — D], is then:

[VAR(z)]p = p(z)
[LAM(z,mo)] p = ¢(Ad”. [mo] pl — d])
[APP(m1,m2)] p = ¢([mi] p) ([m2] p) .

Lemma 1 The interpretation has two expectable properties:
a. If Ve € FV(m).p(x) = p'(x), then [m] p = [m] p'.
b. Let 0 = [x1— my, ...,y — my] be a substitution.
Then [mi0]] p = [m] plas — [ma] pr- 0 = [l -

Proof: Part (a) is a straightforward induction on the structure of m. Part (b)
follows by induction on the structure of m, using part (a) in the LAM-case. O

Lemma 2 (model soundness) If m — m/ then [m] = [m/].

Proof: By induction on the derivation of m < m’, using Lemma 1 for a- and
f-conversion, and using that ¢ o ¢ = id|p_.p) for -conversion. g

2.2 Output-term generation

We want to account rigorously for the generation of fresh names, and do so in a
modular manner. We will therefore construct a pointed cpo A (dependent on the name
generation scheme) with elements denoted by I, together with continuous wrapper
functions,

VAR:V A [AM:[V_A]—A& APP:AxA_A&,

where, in particular, LAM provides a fresh name to be used in constructing the body
of the A-abstraction.

Let N be a set (discrete cpo) containing at least the natural numbers, with an
operation - +1 : N — N, agreeing with the successor operation on naturals. Let
G = {go, 81, ...} be a countably infinite subset of V, such that g; = g; implies ¢ = j,
and let gen : N — V be such that gen(n) = g, when n € w.

We write |-] for the inclusion from A to A, ; and for f : A — B with B pointed,
we write -« f for f’s strict extension to A, ,ie., Lxf = Lpand |a|*f = f(a). (Asis
conventional in functional-programming syntax, function application by juxtaposition
binds tighter than all explicit infix operators, including *.)

Definition 1 We take A = [N — A, ] and define wrapper functions for constructing
A-terms using de Bruijn-level (not -index!) naming as follows:

VAR(v) = AnN.|[VAR(v)]
m(f) = N, f(gen(n)) (n + 1) x Mmjy. [LAM(gen(n), mo) ]
APP(I1, 1) = ANl nx M. Iy nx Amb. [APP(mq, ms)] .



Note 1 If we took freshness as a primitive concept, like in FreshML, we could simply
use A = A ; VAR(v) = |[VAR(v)]; LAM(f) = f xx Amg. [LAM(2, mg) |, with  fresh
for f; and APP(ly,1l3) = I3 * Amq.la x Ama. |APP(mq, ma)].

2.3 A residualizing model

From standard domain-theoretic results (e.g., Pitts [Pit93]), we know that there exists
a pointed cpo Dy, together with an isomorphism

ip:D: = (A+ Dy — Dy])L .
We write

tm(l) =ip' (lim()])  fun(f) =ip' (lin2(F))) Lo, =ip' (L).

Then any element of D, can be uniquely written as one of tm(l), fun(f), or Lp,.

Moreover, the standard domain-theoretic solution is in fact a so-called minimal
invariant [Pit93], which we will exploit in the correctness proof. (In the specific
case of D, the minimal-invariant condition says that the following “copy function”
e : Dy — D, recursively defined in the least-fixed-point sense,

tm(l) — tm(l)
e(d) = case d of < fun(f) — fun(eo foe)
J—Dr — J—Dr

is in fact the identity function on D;.)

‘We can now define the reification function, | : D, — /A\, and the reflection function,
T:A — Dy, as follows:

tm(l) — 1
ld = case d of { fun(f) — LAM(\zV. | (f(1 (VAR(z)))))
1lp, — lﬂ

11 = tm(l),

where the recursive definition of | is again interpreted as the least fixed point. Using
these, we construct appropriate functions ¢, : [Dy— D;|— D, and ¢, : Dy—[Dy— Dy ]:
¢:(f) = fan(f)
tm(l) — Ad'Pr.1APP(l, | d')
Yr(d) = case d of { fun(f) — f
1p, — Lip,—pn,]-

Clearly, we have that ¢, o ¢, = id|p, . p,], since ip was an isomorphism. The induced
interpretation is denoted by [-];. We can now define a putative normalization function:

Definition 2 For any A, let $A = max({n+ 1 | g, € A} U{0}) (i.e., the least n
such that Vn' > n.gn & A). We then define the function norma : A® — Ay by

norma(m) = | ([m]: (AzY.1 (VAR(z)))) #A.

We also define the general function norm : A — A like above, but with §A replaced
by 0. Then for any A such that AN G =0, and m € A®, norm(m) = norma (m).



3 Correctness of the construction

3.1 Correctness of the wrappers

We first define what it means for an element of A to represent a A\-term with some
additional properties:

Definition 3 Forl € /A\, A Cgn V, s € {at,nf}, and m € A®, we define the repre-
sentation relation < by

IS8m iff Yn>dAdn=1LVv3Im' e A% In=|m'|Am' < mAm €N;.

That is, as long as we avoid clashes with generated bound-variable names, any concrete
term generated from [ has only free variables in A, is convertible to m, and is of
syntactic form s. Note, however, that we only capture a notion of partial correctness
here: if [ does not generate a term at all, the conditions are vacuously satisfied.

Lemma 3 For fived A, s, and m, the predicate P = {l | | 5 m} is pointed (i.e.,
13 € P) and inclusive (i.e., closed under limits of w-chains).

Proof: Straightforward, noting that < is expressed as an intersection of inverse im-
ages by a continuous function (application to n) of a (necessarily inclusive) predicate
on the flat domain A . O

Lemma 4 The representation relation is closed under weakening and conversion:
a. If1 S5 m and A C N, then also I S& m.
b If 1 S5 m and m' € A® with m < m/, then also | S5 m'.
Proof: Both parts are immediate from the definition. For part (a), assume ! éf m
and A C A/, and consider an n > §A’. Then alson > $A, and thus, by the assumption
on [, if In # L, there exists an m’ € A® C A? | satisfying the conditions in [ §SA m.
For part (b), assume | <5 m, and let m’ € A2 with m < m’ be given. Then,
when n > #A and In # L, there exists an m” € A® such that In = [m” |, m" < m,

and m” € N;. By transitivity of <, we must also have m” < m/, so | & m’ as
required. O

Lemma 5 Representations of terms behave much like the terms themselves:

a. Ifve A, then m(v) <4 VAR(v).
b Ifly S5 my and ly S5 my, then APP(ly,1y) S8 APP(my,my).

<A <A
c. If 1 S5t m, then also l 5oy m.

d. Let f € [V — A] and m € A2V If vo ¢ A fo énAfu{v} m[VAR(v)/z], then
CAM(f) S5 LAM(z, m).

10



Proof: Parts (a), (b), and (c¢) are straightforward, where (b) uses that convertibility
is a congruence wrt. APP. We will now prove (d).

Let f, z, and m, satisfy the condition of the lemma, and let n > #A and m’ with
m/l(f) n = |m’| be given; we must show that m’ € A%, m’ « LAM(z,m), and
m' € Nat. o

From the definition of LAM(f), we must have that, for some mq, f g, (n+1) =
mo| and m’ = LAM(g,,, mo). By definition of §, g, ¢ A, so by assumption on f,
[ 8n énAfu{g"} m[VAR(g,)/xz]. Further, since n+1 > $(AU{g,}), the definition of g
gives us that mo € A2V1en} mg «— m[VAR(g,)/z], and mg € Nyt,. But then clearly
LAM(g,,mo) € A2, LAM(gy, mo) € Nut, and

LAM(gn, mo) <> LAM(g,, m[VAR(gy)/z]) < LAM(x,m),

where the first conversion is by congruence wrt. LAM and the second is a valid a-
conversion, since g, ¢ A ensures that g, & FV(m)\ {z}. O

The constructions and results in the next section rely only on those properties
of the wrappers from Definition 1 and the relation < from Definition 3 that were
established in Lemmas 3-5, not on the definitions themselves.

3.2 Adequacy of the residualizing model

To construct the central relation between terms and their residualizing denotations,
we first state an abstract version of a result due to Pitts [Pit93]:

Theorem 1 (existence of invariant relations) Let A be a cpo, and let i : D =
(A+[D— DJ])1 be a minimal invariant. Let T be a set, and let predicates Py C Ax T,
P, CT,and Ps CT xXT xT be given, such that {a | Pi(a,t)} is inclusive for every
t € T. Then there exists a relation 9 C D x T, with {d | d < t} inclusive for every
t €T, such that, for alld € D andt € T,

d=1pV
. Ja.d =i"(|ini(a)|) A Pi(a,t) vV
d<t SRy ’
W 3p.d=i1([ina()]) A Palt) A
Vd' € Dyt t" € T. Ps(t,t', ¢ Ad < t' = f(d') <t”
Proof: See Appendix A O

We can recover Pitts’s original result as follows. Let Ay be an extension of A
with PCF-style integer arithmetic, and let || be the usual big-step, call-by-name
evaluation relation on A%. We then take A as Z, T as A%, Pi(n,m) as m | n, Po(m)
as 3z, mg.m |} LAM(x, mg), and P3(m,m’,m") as Vo, mg.m | LAM(z,mg) = m” =
mo[m’/z]. Note that, by determinacy of |}, the  and m( are uniquely determined
when they exist, so P» and P3 would naturally be joined into a single condition.

The computational-adequacy proof for evaluation then shows, by a straightforward
structural induction on m, that if p : V— D and 0 : V — A% are such that Vx €
FV(m).p(z) < 0(zx), then [m]p < m[f]. For the special case when m is itself a closed
term, we then immediately read off that if [m]@ # Lp then m must evaluate to a
value.
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When generalizing to normalization, there are two complications. First, we con-
sider symmetric equivalence, not directed evaluation, so the relation d <t — must be
closed under arbitrary (-conversions, not just head-(-expansions as before. Second,
since we also normalize under lambdas, we must in general consider substitutions
that replace variables with open terms. Accordingly, we replace the fixed set of closed
terms, A?, with a Kripke-style family of term sets, indexed by their allowed free
variables, A®. Somewhat surprisingly, Pitts’s result — although in the generalized
formulation — accounts directly for these adaptations:

Lemma 6 There exists a relation < such that for all A, d € D, and m € A>,
d= 1p, Vv
.d=tm(l) ANl S5 mV
d<®m iff | 3f.d=fun(f) A (3z € V,mg € ALY LAM(z,mp) < m)
AVA' D A,d € D,,m’ € A2 ,mq € AD.
m e my Ad <A m! = f(d) <A APP(my,m!)

Proof: By Theorem 1, taking A=A and T = {(A,;m) | A Can VAmM € AP}, with
the predicates chosen as
Pro= {(L,(Am) |1 i m}
Py = {(A,m) | 3z e V,mp € A2V LAM(z, mo) < m}
Py = {((Aa m)a (A/a m/)v (A/,a m”)) |
ACA =A"ATFm; e AY m o myAm' = APP(mq,m')}
using the equivalence [Vz.(Jy.P(z,y)) = Q(z)] & [VzVy.P(z,y) = Q(z)]. P is

inclusive in its first argument by Lemma 3. We write d <2 m instead of d <1 (A, m).
O

Note how, in the function case, we require that f and m can also be meaningfully
applied to arguments from later worlds A’, much like in a conventional, type-indexed
Kripke logical relation [Mit96, p.590].

Lemma 7 The relation < shares two key properties with 3 :
a. If d <A m and A C A, then also d <A m.

b. If d <A m and m' € A® with m < m/, then also d < m/.
Proof: We proceed according to the cases for d <% m in Lemma 6:
Case d = L p,: Both parts are immediate.

Case d = tm(l): Both parts follow directly from the corresponding parts of
Lemma 4, taking s = at.

Case d = fun(f): For (a), if mg € A2Y{=} then also mg € A2'V1#}, Likewise, any A"
with A” D A’ in the universal quantification also satisfies A” D A.

For (b), any my satisfying LAM(z, mg) < m also satisfies LAM(z, mg) < m’ by
transitivity. Similarly, the terms m, satisfying m < m; are the same as those
that satisfy m’ < mj. 0

12



The following two lemmas will combine to establish adequacy of our semantics:

Lemma 8 For alll € /A\, d € D,, and m € A®,
a. If 1 S5 m, then 1152 m.

b. If d $2 m, then | d S5 m.

Proof: Part (a) follows immediately from Lemma 6(<) and the definition of 7.
For part (b), recall that reification was conceptually defined in terms of the con-
tinuous function @ : [D, — A] — [D, — A],

tm(l) — 1
(p) = Ad"" . case d of ¢ fun(f) — LAM(\zY. o(f(T (VAR(2)))))
J—Dr —»J_K

with | = fix(®). Consider therefore the predicate
R={pe[D,— A |Vd,A,meA>d<>m= od) S5 m).

It is straightforward to verify that R is pointed and inclusive, using the corresponding
properties of $ (Lemma 3). To show that fix(®) € R by fixed-point induction, it
therefore suffices to show that for all ¢ € R, ®(¢) € R.

Accordingly, assume that ¢ € R and d < m; we aim to prove that ®()(d) S5 m.
We divide the argument into cases over d:

Case d = Lp,: Then ®(p)(d) = L5, and thus L; <4 m, by Lemma 3.
Case d = tm(l): Then ®(¢)(d) =, and by Lemma 6(=) and Lemma 5(c), [ S5 m.

Case d = fun(f): Then ®(p)(d) = m(/\xv.ga(fﬁ (\TAT{(:C))))) Let v ¢ A be ar-
bitrary. By Lemma 5(a), VAR(v) §aAtU{U} VAR(v), and so by part (a) above,

1 (VAR(v)) <21} VAR ().

By assumption on m and Lemma 6(=-), there exist z and mg € A2} such that
LAM(z, mg) < m.

Take A’ =AU {v},d =1 (\TAT{(U)), m’ = VAR(v), and m; = LAM(x, mg). By
assumption on f, we then get that

F(1 (VAR(v))) <290 APP(LAM(z, mo), VAR(v)) .

Since APP(LAM(z,mg), VAR (v)) < mo[VAR(v)/z], and < is closed under con-
version (Lemma 7(b)), we also have

F(1 (VAR(v))) $29F mo[VAR(v) /2]
Hence, by assumption on ¢,

(AaVo(f(1 (VAR(2))))) v Sar 1) mo[VAR(v) /2]

13



And thus, by Lemma 5(d),
CAM(OzY .o(f(1 (VAR(2))))) S5 LAM(z, mo) .

Finally, since 5 is closed under conversion (Lemma 4(b)), we get ®(¢)(d) S5 m,

as required.
q 0

Lemma 9 Let m € ALY, and for all x € T, let 6(x) € A> (in particular, T C dom§).
IfVa € T.p(z) <2 0(x) then [m], p <A mlo).

Proof: By structural induction on m.

Case m = VAR(z): This follows immediately from the assumption on p and 6, since

[VAR(@)]; p = p(a).

Case m = LAM(x, mg): Take f = Ad.[mo]; plz+d]. Then ip([m], p) = [in2(f)], so
to use Lemma 6(<), we must establish that f and m[f] satisfy the requirements
for the third alternative. First, from the definition of substitution, we get that
LAM(z,mp)[0] = LAM(2’, m() for some ' and m{, = mo[0[z— VAR(z')]]. Clearly
mlh € A2 and LAM(2/, m))) < m[6] by reflexivity of « .

Second, let A’ D A, d’, my € A2 and m’ € A2 be given, with m[f] < m; and
d' <A m/; we must show that f(d') <A APP(mq,m’). Take p’ = plz — d'] and
0" = 0]z — m’]. Using the assumption on d’ and m’ for x, and monotonicity of <
(Lemma 7(a)) for the remaining variables in T, we get that for all " € T'U {z},
p'(z") <A 0'(2"). Hence, by TH on my, f(d') = [mo]. p' <2 mo[#]. And finally,
since

mol6']

— APP(LAM(x, mo), VAR(z))[0'] = APP(LAM(z, m)[¢’], VAR (z)[¢'])

— APP(LAM(z,mo)[0],m") = APP(m[], m’)

— APP(mqy,m'),

and < is closed under conversion (Lemma 7(b)), we get f(d') <2 APP(mq,m’),
as required.

Case m = APP(mq,m2): Here, [APP(m1,m2)]; p = ¥r([ma]: p) ([m2]: p). We di-
vide the argument into subcases over [m1]; p:
Case [m1]: p = Lp,: Then ¢ ([m1]; p)([me]: p) = L < APP(mq,ms)[0)].

Case [mle p = tm(1): Then vy (il p) ([l p) = 1 (APP(L | ([ma]: p))). By
IH on m; and Lemma 6(=), I <& m1[f], and by TH on my and Lemma 8(b),
1 ([mal:x p) S5 m2[f]. Hence by Lemma 5(b),

APP(, | (Imals p)) S5 APP(ma[6], m2[6]) = APP(mi, ms)[6] = ml6].

And thus, by Lemma 8(a), 1 (@(l,i [ma]: p)) <A mi6).

Case [ma ], p = fun(f): Then ¢ ([mal; p)([mal: p) = f([me]: p). By H on my
and Lemma 6(=), we have, in particular, that if d <® m/ then f(d') <4
APP(mq[0],m’). Take d' = [mz], p and m’ = mz[f]. Then, using IH on mq,
F([male p) S APP (o 6], mof6]) = 6] 0
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3.3 Correctness of the normalization function

For showing completeness of the normalizer, we first establish that, for a term already
in normal form, reifying its residualizing denotation gives an always-defined term
generator.

Definition 4 For any | € K, we define the uniform definedness predicate def(l) by
def(l) & Vn e w.ln# L.

Lemma 10 The wrapper functions preserve definedness:
a. ForallveV, def(m(v)).
b. If for allv € V, def(fv), then def(LAM(f)).
c. Ifdef(ly) and def(ly), then def(APP(l1,1)).

Proof: Straightforward verification in each case. 0

Lemma 11 Let m € A and p € [V — Dy] be such that for all x € FV(m), there
exists an | with p(x) =11 and def(l). Then,

a. If m € Ny, then 3l € A. [m], p = 11 A def(1).
b. If m € Ny, then def(] ([m]: p)).

Proof: By simultaneous rule induction on - - and k¢ -. The relevant cases are:

Case byt VAR(x): Then [m], p = p(z), and x € FV (m), so the result follows directly
from the assumption on p.

Case byt APP(mq, m2) because i my and by mo: By TH(a) on the first premise,
there exists an I3 such that [mi],p = 111 and def(l;). Therefore, [m], p =
1 (APP(l1, | ([m2]: p))). Take Iz = | ([m2]: p) and I = APP(l1,12). By IH(b) on
the second premise, def(l2), so by Lemma 10(c), def(l), as required.

Case s m because oy m: By IH(a) on the premise, [m], p = 11, with def(). But
L (11) =1, so also def(] [m]; p).

Case ¢ LAM(z, mg) because s mo: Expanding the definition of | for the func-
tional case, we have to show that def(ﬁ/I()\:c.L ([mo]: plz — 1T (\TAT{(:L’))D)) By
Lemma 10(b), it suffices to show that, for every v € V, def(| ([mo]; p’)), where
ph=plr—1 (\7@(@))} This follows from IH(b) on the premise, if for every
a’ € FV(myg), there exists an [, such that p'(z') = 11 and def(l). But for 2’ # «x,
we must have ' € FV(m), so this follows from the assumption on p; and for

x’ =z, it follows from Lemma 10(a).
]

Theorem 2 (semantic correctness) norma from Definition 2 is a normalization
function on A®, i.e.,

a. (soundness) If norma(m) = [m'], then m’ € A2, m’' < m, and m’' € Nys.

15



b. (identification) If m < m/, then norma (m) = norma (m').

c. (completeness) If for some m' € Ny, m’ < m, then norma(m) # L.

Proof:  (Soundness) Let pg = AzV.7 (m(l‘)), and let 6y be the substitution
mapping every z in A to VAR(z). By Lemma 5(a), for every z € A, m(x) <4
VAR(z) = 6y(z), and hence by Lemma 8(a), po(z) <? 6p(x). By Lemma 9, we
then get that [m], po <2 m[f] < m, and thus, by Lemma 8(b), | ([m], po) S5 m.
Assume now that norma (m) = | ([m], po) A = [m']. Taking n = A in Definition 3,
we can then immediately read off that m’ has the required properties.

(Identification) This follows directly from model soundness (Lemma 2), since the
residualizing model is indeed a model.

(Completeness) Using Lemma 10(a), we see that pg satisfies the condition on p in
Lemma 11. Hence, by part (b) of the latter lemma and Definition 4, | ([m/], po) fA #
L. And thus, again by model soundness, also norma (m) = | ([m]; po) A # L. O

Note that the correctness theorem does not completely pin down the behav-
ior of the normalizer: the soundness specification allows it to return any valid o-
variant of the normal form, such as normalizing the term LAM(x, LAM(y, VAR(y)))
to LAM(go, LAM(go, VAR(gp))). Conversely, completeness says only that if a term
has a [-normal form, the normalizer will also find one, though not necessarily the
same one.

It would also be possible to adopt a “tight” specification of normal forms, requiring
them to also be a-normal, such as the current de Bruijn-level naming. Then, a term
can have at most one normal form, and the normalizer will in fact find exactly that
one when it exists — which would allow us to combine soundness and completeness
into a single statement.

4 An implementation of the construction

4.1 Syntax and semantics of an ML-like call-by-value language

As our implementation language, we take a small fragment of Standard ML [MTHM97].
We deliberately choose an eager language, whose finer control over lifting allows us
to mirror all the semantic constructions almost exactly (i.e., up to isomorphism).
Any necessary laziness can be easily added by explicit thunking. On the other hand,
working in an inherently lazy language, such as Haskell, would make it harder to work
with, e.g., the set of \-terms as a datatype, without also including spurious infinite
and partially-defined elements.

Syntax The fragment is parameterized by a sequence of recursive datatype decla-
rations, each of the form

datatype dt' = Ini of 7{; * .- * Tfm | «-- | In} of 7}, * -+ % T]ink,
where ML types 7 are given by the grammar,

7 :=unit | int | bool | string | 71 -> 7o | dt’.
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I'z:7Fx:7 T'Fn:int T'F"v":string I'F O :unit
I'Fej:int TI'key:int T'ker:7 T'heg: T

7 ground
I'Fejg+ey: int I'Feg=e5:bool (T g )
I'ke:int
I'F"g""Int.toString e: string
I'ke:r Tx:mbe:n I'tFey:m->m T'hFes:m
I'Ffn () => e:unit->r T'kFfn z => e¢:11->m I'keies:m
Fl—elzrjl I’I—en:T;nj
FI—Inz.(el,...,enJ):dti
I'ke:dt
Loz i 7y, o @y 1Ty, Fe1 T e F,:cklzT,zl,...,xknk:Tinkkek:T
I'-case e of In{(x11,...,%1n,) => €1 | -+ | Inj(Tp1,...,Tkn,,) => €7

I'Fe;:bool T'key:7 I'keg:T
I'Hif e; then ey else e3: T

Lfim->m,z:nbe:m I, fim—>nbe:T
I'1let fun f (x:7):72 = € in ey end: T

Figure 1: Typing rules for the ML fragment

The datatypes cannot be mutually recursive, but may be cumulative, i.e., later decla-
rations may refer to earlier ones. We say that a type is ground if it does not contain
— directly, or indirectly (through a datatype declaration) — any function spaces. For
notational simplicity, we assume that the set of A-term variable names, V, is identified
with the set of ML character strings.

The syntax of ML expressions is then

ex=x|n|"v" | O]er+ezr|er=ez| "g" Int.toString e |
fo ) => e|fn x => e ey eq | Inj(e1,...,€n) |
case e of Ini(xi1,...,T1n,) => €1 | -+ | Inp,(Tp1,...,Tpn,) => €k

if e; then ez else e3|let fun f (z:7):72 = e; in ez end

where  and f range over ML variable names.

Typing We only consider well-typed ML expressions, as captured by the judgement
T1:T1,.-.,%n: Ty € 7, asserting that e is of type 7, with free variables 1, ..., z, of
types T1,...,Tn. The typing rules are shown in Figure 1

Denotational semantics For the meaning of ML types, we take

[unit]™ =1 = {x} [int]™ =Z [bool]™ =B [string]™ =V
[r1 > w]™ = [[n]™ = [R]T]  [at]™ =5,
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[]™E=6@)]  [pI™E=1n) [ I™Me=lv]  [O]™&= [
fer + ea]™ & = [e1]™ € % AnZ. [e2] ™ &€ x AnZ. |n1 + na|
fer = ea]™ & = [e]™ € % )\aET]]ml. [ea]™ & % )\agﬂ]ml. la; = as]
["g"~Int.toString e]™ ¢ = [e]™ & x AnZ. |gn]
[fn O => e]™¢ = [Mul.[e]™ €] [fn z => e]™ ¢ = [Aal™I™ [e]™ €[z — a]
[e1 ea]™ € = [er]™ & x AFURI™ =1 [ey]m ¢ x Aal™ 1™ fa

[1n% Ceq,. . e ]| E =

ml

i qml @ qml
[[el]]mlg*AagTﬂﬂ . ...,[[en]]mlg*mgﬁ"ﬂ . LLIn§ (a1,...,an)]
[case e of Ini(xi1,...,T1n,) => €1 | oo | Int(@p1,...,Tpn,) => ex]™E =
trni(ars- s any) = [ed]™ €Efrrn = ar, . @10y any]

[e]™ & x AsS". case s of :
LIn;(alv oyl ) = [er]™ E[zrr = at, - Thny, = Gy

tt s |I62]]ml§

. ml ¢ ml B
[if e1 then ez else eg]™ & = [er]™ & * Ab®. case b of {ff o [es]™ €

[let fun f (z:71):72 = €1 in ey end]™ ¢ =
[eal™ €[ o fix (IR <TI0 Al 1™ [o, 0 €[ g, )

Of

Figure 2: Denotational semantics of the ML fragment.

where, for each dt?,
igg s St ([rhl™ x oo x [rinI™) + -+ ([ ]™ x -+ x [ I™)
is a minimal-invariant solution to the evident predomain equation. We write
=1 -
LIn: (a1,...,an) = zdﬁ,(znj(al, ceesln))

for the constructor functions. Any element of S’ can thus be uniquely written as the
image of a constructor function.

When all the 7¢ (and hence also dt') are ground, the least solution S* will again be
a set (discrete cpo), and could be constructed using standard set-theoretic methods.
In the general case, one must use, e.g., the domain-theoretic inverse-limit construction,
straightforwardly adapted to predomains.

The meaning of ML expressions is defined by induction on the typing derivation;
for conciseness we write only the expressions themselves. The semantics is structured
such that if ' F e : 7 and for all (z; : 7;) € T, &(x;) € [r]™, then [e]™ ¢ € [P
The full semantics is shown in Figure 2

For notational convenience in the following, we will assume that all function names
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datatype term = VAR of string | LAM of string*term | APP of term*term
datatype sem = TM of int -> term | FUN of (unit -> sem) -> sem;

let fun down (s:sem):int->term = fn n =>
(case s of
™ 1=>1n
| FUN £ => LAM("g""Int.toString n,
down (f (fn () => TM(fn n’ => VAR("g""Int.toString n)))) (n+1)))
in let fun eval (m:term):(string->sem)->sem = fn p =>
(case m of
VAR x => p x
| LAM(x,m0) => FUN(fn d => eval mO
(fn x? => if x = x’ then d () else p x’))
| APP(m1,m2) => (case (eval ml p) of
TM 1 => TM(fn n => APP(1 n,down (eval m2 p) n))
| FUN £ => £ (fn () => eval m2 p)))
in let fun norm (m:term):term =
down (eval m (fn x => TM(fn n => VAR(x)))) O
in norm end end end

Figure 3: The normalization algorithm, NORM.

f in a program are distinct. For a fixed program, we can then unambiguously use
05 = fix(Oy) to refer to the denotation of f in the let fun-construct.

Evaluation semantics We say that a complete program is a closed expression of

type 11 =>T2=>---=>7, => 7y (n > 0), where each 7; is a ground type. For such types,
let C, = [r]™! denote the set of values underlying 7, e.g., Cipt = Z. A complete
program e : 7y => T => -+ - => T, => 7 then determines a computable partial function

ce () : C‘fl XX CTn - CTO? given, e.g., by
eo(cl,...,cp)=co iff (ecy --- c_n)limlc_o,

where |J™! is the usual big-step operational semantics of expressions, and ¢ denotes
the syntactic representation of the value c.

Theorem 3 (computational adequacy of denotational semantics) For a com-
plete ML program e, e® (c1,...,c,) = co iff [e]™0*Af1. ficix % Afn-fncn = |co].

Proof: Modulo trivial syntactic differences, an equivalent formulation of the se-
mantics in terms of strict functions between pointed cpos, rather than general ones
between cpos, and the obvious generalization to multiple (non-mutually recursive)
datatypes, this is shown in, e.g., [Pit96, Section 5]. The primary difficulty is, of
course, the definition of the logical relation at types dt?, which is again achieved by
exploiting the minimal-invariant properties of the (S*, i dti). O

4.2 The normalization algorithm

The concrete representation of the normalization algorithm, with many of the auxil-
iary definitions inlined, is shown in Figure 3. We have taken dt' = term with three
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constructors In} = VAR, In} = LAM, and In} = APP. Note that term is a ground type.
To keep the notation concise, we assume that the chosen predomain-equation solution
coincides exactly with our representation of terms, i.e., [['cerm]]ml = A, uam(v,m) =
LAM(v,m), etc. Similarly, we have instantiated dt? as the type sem, with construc-
tors TM and FUN. We write S = [sem]™!, but here we do not a priori require that
S, =D,.

Since ML is a call-by-value language, we must simulate the implicit call-by-name
nature of the residualizing semantics using thunking. We have defined sem so that
[sem]?! =2 D,; then semantic functions with codomain D, can be represented directly
as ML functions into sem, while functions with domain D, are represented as ML
functions with source type unit -> sem. As an optimization, however, the strict
function | : D, — A is represented as simply an ML function on sem.

It is easy to check that the top-level expression, NORM : term -> term, is a well-
typed complete program in our sense.

Examples The following examples illustrate how the program behaves. Let SA =
LAM(x, APP(VAR(x), VAR(x))) and Omega = APP(SA, SA).

a. NORM e (Omega) diverges.
b. NORM e (APP(LAM(x, LAM(x, VAR(x))), Omega)) = LAM(go, VAR(go))-
c. NORM e (LAM(y, LAM(g4, VAR(2)))) = LAM(go, LAM(g1, VAR(z))).

Let us now formally relate the abstract and concrete constructions. To obtain a
perfect correspondence between semantic term generators and their implementation,
we choose N = Z, with gen(n) = gn = g, when n > 0, e.g., gen(13) = g13; then
[int -> term]™ = A. Recall that we had D, = (A + [D, — D,]) 1, while [sem]™! =
S=2A+[1—5.]—S51]. We can then show:

Lemma 12 There exists an isomorphism ipg : D, = S|, satisfying:

a. For alll € A, ips(tm(1)) = [em(1)].

b. For all f € [D, — D], ips(fun(f)) = [ M5 ips (F(ips(t %))

C. iDS(lDr) = J—SL-

Proof: See Appendix B.1. O

We can also state three lemmas, relating the central domain-theoretic functions
to the denotations of their syntactic counterparts:

Lemma 13 For alld € D, andn € Z, | dn = ips(d) * As°. Ogoum s« MM In.

Proof: By fixed-point induction on ® X Ogeun (where @ is as in the proof of Lemma 8),
using the predicate R C [D, — A] x [S — A ] defined by

R={(p,0) |Vd € D;,n € Z.o dn=ips(d)*\s°.0 s N n}.

We aim to establish that (fix(®),fix(Ogom)) € R. It is straightforward to verify
that R is pointed and inclusive. Assume that (p,0) € R; we then must show that
(®(¢), Oaoun(P)) € R. Accordingly, let arbitrary d and n be given, and consider d:
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Case d = L p,: By Lemma 12(c), ips(d) = Lg,, and so
ips(d) * A% Ogoun(0) s+ NA.I 1
=1,
Similarly, ®(¢) dn = 1Lz n= La,.

Case d = tm(l): Let & = ()[down — 0, s — tm(1)]; we calculate:

ips(d) * A% Ogoun(0) s+ NA.I 1
= ips(tm(l)) * As®.Oaom(0) s x N .1 n

= Lemu(D) | % As%.040un(0) s x NI n (by Lemma 12(a))
= Ouom(0) (tru(1)) x* NA.I n

=[fn n => (case s of TM 1 => 1 n | ...)]]mlf*)\lK.Zn

=1 o)™ ¢n—n,1 1]

=ln

Similarly, ®(¢) d n = ®(¢)(tm(l)) n =1 n.

Case d = fun(f): Let & = 0[down — 0,5 — (M. ips(f(ips(t *))))] and let & =
€l n, £ (M ips(f(ipg(t *))))]; again,
ips(d) * A% Ogoun(0) s+ NA.I 1
= ipg(fun(f)) * As%.Ogoun(0) s NA.I n
= [trn(Mtips (f(ip (£ %)) ] * As® . Oaoun(6) sxMAln (by Lemma 12(b))
—[fn n => (case s of ...| FUN £ => LAM .. )]™ ¢x\A1n
[LAM("g"~Int.toString(n), down (f (fn ) => ...)) (n+1))]|™ ¢
[down (£ (fn O => ...)) (a+D)]™ ¢ % Am™.[LAM(g,,m)]
=[t Gn O => .. )™ &% As5.0 s % N I(n+ 1) « Am™.|[LAM(g,,, m) |

’

S

=[f (fn ) => TM(fn n’ => VAR("g""Int.toString(n))))]™ ¢
= |(M. ips(f(ips(t )] * Ag-[Mu.[TM(En .. )]™ ¢ Xa.g a
= ips(f(ips(Lem(Mn [ VAR(gn)])])))

= ips(f(tm(An”.|VAR(g,)]) (by Lemma 12(a))
— ips(F(1 (VAR(g.))) (by Def. of VAR and 1)

Now, the TH that (p, ) € R says that Vd',n'. ¢ d' n’ = ipg(d') x \s°.0 s* AL
Taking d' = f(T (VAR(g,))) and n’ = n + 1, we continue the original calculation:
[£ Gn O => .. )]™ & % As5.0 s« NMAI(n + 1) x AmA.[LAM(g,,, m)|
= ips(f(T (VAR(gn)))) * As%.0 s x N0 (n + 1) x Am*. |[LAM(g,,, m) |

= @(f(1 (VAR(gn)))) (n + 1) % Am*.[LAM(g,, m) ] (by IH)
Similarly,
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= LAMQY. o(f(1 (VAR(2)))) n __
= o(f(1 (VAR(gn)))) (n+ 1) % Am™. [LAM(g,, m)] (by Def. of LAM)
|

Lemma 14 For allm € A, p € [V — D,], and ¢ € [V — S1], satisfying that Vx €
FV(m).ips(p(z)) = e(x), ips([m]: p) = Oevar m x Ag. g 0-

Proof: By structural induction on m. Let m, p and p be given such that Vx €
FV(m).ips(p(z)) = o(x). Let & = O[down+— Oyoyn)- By the fixed-point equation, since
eeval - ﬁX(@eval);

9eval mx )\gg 0

== @eval (eeval) m* Agg 0

=[fn p => (case m of ...)]™ {[eval — Oeyar,m— m]x Ag.g 0

= [case m of ...]" ¢[eval i feyar,m— m,p— g

Let & = {leval — Ooya1,m — m,p — p|. Consider m:

Case m = VAR(z): Then,
aeval mx Agg %
=[case m of VAR x => p x | ...]Jm¢
=[p x]™ &'[x — 2]
= o(x)
Since clearly z € FV(m), we have ipg(p(z)) = o(x) by assumption on p and p.
Thus similarly,
ips([m]: p)
= ips([VAR(z)]: p)
= ips(p(x))
= o(x)

Case m = LAM(z,mg): Let &’ = ¢'[x — x,m0 — my|. Then,
Ocval M* AG.g 0
= [case m of ... | LAM(x,m0) => FUN(...) | ...Jm¢
[FUN(fn d => eval m0 (...))]™¢”
ltrn (AT 754 Jeval mO (fn x> => if .0 ¢"[d—t))]
= [trwn(Mbevar mo *x Ag.g M’V [1f ... ]™ ¢"[d— t,x’ s 2']))]

f

Similarly,
ips([m]: p)
= ips([LAM(z, mo)]: p)
= ips(¢r (A" [mo]: plz +— d]))
= ipg(fun(AdPx.[mo], p[z — d)))
= [trwn(Mi ps (AdPr.[mo]r plz +— d]) (ips(t *))))] (by Lemma 12(b))
= [wron(At.ips ([mo]: plz — ipg(t #)]))]

f/
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It remains now to prove that f = f’. Let any ¢’ : 1 — S| be given.
Let po = plzips(t *)] and go = (A\a'V.[if ...]™ ¢’[dt/,x’ — 2']). First we
verify that py and g satisfy the requirements of the IH for mg, namely that for
all ' € FV(mg) C {a} U FV(m), ips(po(z’)) = oo(z’). This is straightforward;
first for 2’ = x:
eo()
= [if x=x’ then d () else p x’|™ ¢"[d—t/,x’ s 7]
=t %
= ips(ips(t' )
= ips(po(z))
Then for any z” € FV(mg) \ {z}:
QO(J/J/)
= [if x=x’ then d () else p x’|™ ¢"[d—t/,x’ s 2]
= o(2")
=ips(p(z")) (by assumption on p and o)
= ips(po(z"))
Hence,
ft
= 9eval mo * )\gg 0o
= ips([mo]: po) (by TH on my)
— fl tl

Since t' was arbitrary, f = f’.

Case m = APP(mq,ms): Let £’ = &' [m1 — mq,m2 — my]. Then,
Geval m*)\gg Y
= [case m of ... | APP(m1,m2) => (case ...)]™ ¢
= [case (eval mi p) of ...J™¢"

Now,
[eval mt p]™! ¢”
= Oeva1 M1 * Ag.g 0

= ips([mal]: p) (by TH on my)
Consider [m1], p:

Case [mi]: p = Lp,: Then by Lemma 12(c) also ips([mi]: p) = L, and s0 feya1 mx
Agg o= Ls,.
Similarly,

ips([m]: p)

= ips([APP(m1,m2)]: p)
= ips(¢(Lp,)([m2]: p))
= ips(Lip.~p,] ([me]: p))

=ips(Llp,)
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Ooval M * AG.g 0

= [case (eval ml p) of TM 1 => TM(fn n ...) | ...[J=0¢”

= [TM(fn n => APP (... )0)]™ ¢’[1+ 14]

= [tm(MZ.[APP(1 n, down (eval m2 p) n)]™ &”[1+ I;,n+ n])]

l
Similarly,

Z.DS([[frn]]r P)

= ips([APP(m1,m2)]: p)

= ips(¢x (tm(l1)) ([[m2]]r p))
iDs TAPP(ll, ([me2]: )

(
(
ips (tm(A (APP(r, | ([ma]: p)))) (by Def. of 1)
(
(

Lea(APP(1y, | ([ma]. p)))] (by Lemma 12(a))
= [0y nox dml. ([ma]e p) nx Mmb.|[APP(m), mb)])]

1%

Again, it remains to show that [ =1’. Let any n € Z be given.
Let & = £"[1 — l1,n — n]; we calculate:

In
= [APP(1 n, down (eval m2 p) n)]™! ¢”
=lin*Am}.[down (eval m2 p)]™ &" % Aa.lon * Amb. |APP(m), m})|
=111 *x AM]. Oeya1 M2 * Ag. § 0 * AS. Oaoun S * Al2. la nx Amb. |APP(m], m})]
=l nx dml.ips([mea]r p) *x As. Oaoun 8 * Mla. lanx Amby. [APP(mf], mb)]

(by IH on mag)
=linxAmy. | ([mz]: p) n* Amb. |[APP(mf, m})| (by Lemma 13)
=ln

Since n was arbitrary, [ =1'.
Case [mi]: p = fun(f): Then by Lemma 12(b), we have ips([mi]. p) =
Lern (M52 ipg (f(ipg(t %))))]. Thus,
oeval m*)\gg o
= [case (eval ml p) of ... | FUN £ => £ (fn ...)]=l ¢”
=[f (fn O => eval m2 p)]™ &"[f — (Mtips(f(ipg(t *))))])
= (Mips(f(ipg(t %)) (Au-Oeyar m1 * Ag. g 0)
= (At.ips(f(ipg(t %)) (Mwips([ma]: p) (By IH on my)
= ips(f (Imalxp))

Similarly,

ips([m]: p)
= ips([APP(m1,m2)]: p)
ips (Y (fun(f)) ([maly p))

ips(f ([m2]: p))

Lemma 15 For all m € A, norm(m) = Oyorn m.

Proof: Let m be given, and let £ = @[down — Bgoun, €val — eya1, ROTM — Opopy, m +—
m]. Let further [o] = [fn x => TM(fn n => VAR(x))]™ ¢ and p = (AzV.T (VAR(2))).
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We first verify that ¢ and p satisfy the requirements of Lemma 14, namely that
for all ' € VO FV(m),

o(z')

=[fn x => TM(fn n => VAR())]™ & x \f.f(2)

= [TM(fn n => VAR(x))]™ &[x > 2]

= [emu(AnZ. [ VAR(2)])]

= [ (VAR(2"))] (by Det. of VAR)
= iDS(tm(/VéR(x’))) (by Lemma 12(a))
=ips(T (VAR(2'))) (by Def. of 1)
=ips(p(a’))

Hence, by a single unrolling of the fixed-point equation Gyorn = Onorn(fnorn),
enorm m
= [down (eval m (fn x => TM(fn n => VAR(x)))) O™ ¢
=[eval m (fn x => TM(fn n => VAR(X)))]]ml Ex AS.Oqoun S*x AL O
= Ooyal M * AG.g 0* AS.Ogoun S * ALL O

= ips([m]: p) * As.Oa0um s * Al.L O (by Lemma 14)
=1 ([m]: p) O (by Lemma 13)
= norm(m) (by Def. of norm)

g

Theorem 4 (implementation correctness) The program NORM satisfies that for
all m,m’ € A, NORM e (m) = m’ < norm(m) = |m/].

Proof: A direct consequence of Lemma 15 and Theorem 3, since [NORM]™! ()

[Ouorn]

O

Together with semantic correctness (Theorem 2) and Definition 2 of norm, this tells us
that NORM correctly computes the normal form of all A-terms without free occurrences
of gi-variables (including, in particular, all closed terms).

5 A generalization to Bohm trees

Recall that the correctness of our normalization algorithm was expressed in terms of
simple conditionals. Soundness was, essentially, “if the algorithm returns a result,
that result is correct”; and completeness, “if a correct result exists, the algorithm will
find one”. We now set out to extend these statements to a more general notion of
normal forms, effectively replacing “if” with “to the extent that”.

5.1 From M-terms to )\-trees

We adopt a new view of normalization results, generalizing the flat domain A, of
lifted A-terms to a more elaborate domain of lazy A-trees, which will allow us to talk
formally about partial and infinite terms. The intended reading of a A-tree result is
that the finitely reachable, defined parts of the tree represent committed output from
the normalizer.

25



Syntax Let A be the cpo of A-trees M, defined as a minimal-invariant solution to
the recursive domain equation

in it AS(VHVXA+AXA),
with the constructors for A-elements given by:

O = iy'(L) LAM(z, Mo) = iy ' (lina(z, Mo)))
VAR(z) = iy ([ini(2))) APP(My, Ms) = iy (ling(My, M)])

Again, any element of A can be uniquely written as one of these four forms.

We also have a natural interpretation of the domain-theoretic ordering on A: M C
M’ precisely when M’ can be obtained by replacing some occurrences of (J in M with
suitable subtrees. Note that, since A is a cpo, it necessarily also contains infinite
trees, such as | |, LAM(x, - - - LAM(x,,0)) = LAM(x;, LAM(x2, - - -)).

We define the cut function |-| : A X w — A by induction on k:

M°=0 |[OF'=0  [VAR(z)/*'! = VAR(x)
[ILAM (2, Mo)[**' = LAM(a, [My|*) ~ |APP(My, Mp)|**! = APP(|M:[*, [Mo|*)

That is, | M |¥ replaces all parts of the tree M above height k with . As we would
expect, every tree is the limit of its finite cuts:

Lemma 16 For any M € A, M = |, |M|*.

Proof: The function ¢ : [A — A] — [A — A] associated to the domain equation is
given by

VAR(v) — VAR(v)
LAM(v, My) — LAM(v, e M)
APP(]\fl7 Mg) — APP(@ Ml, eMg)
(Il — [

o(e)(M) = case M of

It is easy to check, by induction on k, that [M[* = 6*(Ljsz_A))(M). Hence, by

the minimal-invariant property, | |, .., |M|F = Ukew SF(L)M = (Urew SF(L)YM =
fix(8) (M) = idy M = M. O

A tree is called finite if it is equal to one of its cuts, and total if it contains no OJ.
Thus, finite, total A-trees are in one-to-one correspondence with ordinary A-terms, as
previously defined. We also have a natural inclusion of ordinary A-terms into A-trees,
() : A — A, defined inductively in the obvious way.

Compatibility We can extend any predicate on A-terms, P C A, to a corresponding
predicate on M-trees, Pt C A, by

Pl ={MecA|Vkecw Ime P.|M|"C (m)}.

That is, M € P if every finite cut of M can be increased to a total tree, satisfying the
original predicate. When a tree already represents a proper term, the extension has
no effect: (m) € PT iff m € P. We also note that P' is downward closed: if M € PT
and M’ T M, then also M’ € PT; and that extension is monotone: if P C P’, then
Pt C Pt
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Definition 5 For M € A and m € A®, we define the compatibility relations <t and
b
—p by

MeTm e Me{m eA|m —m}t
M <hm & Me{m eA®|m' < m)f

Note that, like convertibility, compatibility is defined with respect to concrete
terms, not a-equivalence classes. Thus,

LAM(go, LAM(go,0)) <" LAM(x, LAM(y, VAR(y)))

(because the O can still be increased to VAR(go), making the two sides convertible),
but we do not have

LAM (g0, LAM(go,0)) <+ LAM(x, LAM(y, VAR(x))) .

Bohm trees We can view Bohm trees [Bar84, Chapter 10] as a particular kind of
A-trees. Informally, a Bohm tree is either [J, or a generalized head normal form,

LAM(zy, - - - LAM(2,,, APP(APP(VAR(z), My), - - - M) ,

where n,m > 0, and each M; is itself a Bohm tree. However, we need to make precise
how this evidently circular definition is to be interpreted.
Formally, we define Bohm trees in terms of the following rules:

) Fay M Tan o (AT-
—5 (BT-O) " (NF-AT) o VAR(2) (AT-VAR)
ot M Fat Mo Cae M P My
BT-NF P ek S _ AT-APP
L ) TN 37y VM) T APP(M,, M) ( )

These rules determine an operator F' on subsets of B = {bt,nf,at} x A, where F(X)
is the set of conclusions occurring in rule instances with premises from X:

F(X)={(bt,0)}U---U{(at, APP(M;, Ms)) | (at, M) € X A (bt, M) € X}.

F is clearly monotone, ie., X C X' = F(X) C F(X'). We say that a set X C B is
F-closed if F(X) C X, i.e., if everything derivable by the rule instances with premises
from X, is already in X.

When X is inclusive, so is F'(X), because inclusiveness is preserved by finite unions,
and the constructor functions (as well as pairing with constants) are order-monics,
i.e., also reflect C, so their direct images preserve inclusiveness.

Since both subsets of B and inclusive subsets of B are closed under arbitrary
intersections, they each form complete lattices. Thus, by the Knaster-Tarski fixed-
point theorem, we get the least F-closed set Bi® C B by taking the intersection
over all F-closed subsets of B, and the least F-closed inclusive set B™ C B as the
intersection of all F-closed inclusive subsets of B.

The associated rule induction principles are: if a predicate P on B is F-closed,
then Bfi® C P (since Bfi" was the least F-closed set). Analogously, if P is both F-
closed and inclusive, then B™ C P. As special cases we get inversion principles:
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Bin = F(Bin) and B = F(B™M), i.e., every element of either set can be written as
the conclusion of a rule with premises in the corresponding set. Naturally, Bfi* C Binf,
because Bfi" is the least of all fixed points of F.

We write B for {M | (s, M) € Bfir}, and analogously for B, The set of BShm
trees is then defined to be Bgéf; the finite Bohm trees are ng‘.

(Note, incidentally, that Bohm trees are not simply the uniform extension of finite
normal forms to A-trees, Ngf. The latter (which could be called infinitary normal
forms) are merely the A-trees that do not contain any evident G-redexes. We thus
have Bg;f C j\/jf, but the opposite inclusion does not hold: infinitary normal forms
include non-B6hm trees, such as LAM(z,d) or APP(APP(- -, x),x).

Nor should Bg;f be confused with the set of trees determined by a coinductive
reading of the above rules, i.e., the greatest fixed point of F'. That set still contains,
e.g., the tree LAM(xo, LAM(x1, - -)). Even though we allow Béhm trees to be infinite,
each run of curried abstractions or applications must be finite, like in the inductive
reading of the rules.)

Again, we expect that a reduction-free Bohm normalizer will output Béhm trees
that are compatible with the input term (soundness); that convertible inputs are
mapped to the same Boéhm tree (identification); and that the output tree is as large
as possible (completeness).

5.2 A semantic Bohm-tree construction

The modularity of output-term generation, originally motivated by flexible genera-
tion of fresh names, also allows us to “locally” re-target the existing normalization
construction to Bohm trees.

Output-tree generation Forany f: A — B, where A and B are pointed cpos, we
define its smashed strict extension, -®f: A — B, by La®f = L1lp,and a® f = f(a)
otherwise.

We first define tree-based analogs of the wrapper functions from Section 2.2, again
using de Bruijn-level naming:

Definition 6 (cf. Definition 1) Let A= [N — A], and define

VAR(v) = AnN.VAR(v)
CAM(f) = AnN. £ (gen(n)) (n + 1) ® AMZ. LAM(gen(n), Mo)
APP(l1,1) = AnN.lyn® AME APP(M;, 15 n)

Note that APP is strict in its first argument only. Making it strict in both,
would revert the normalizer to always produce either [J or a finite, total A-tree as the
result, just like the original version. Strictness in the first argument does not actually
matter, since the function will never be applied to a [J-representative; however, from
an operational viewpoint, it is convenient to know that it is safe to evaluate the
argument eagerly. Making LAM non-strict would not affect correctness with respect
to compatibility, but the output would no longer necessarily be a Béhm tree.
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The residualizing model The construction of the residualizing model from Sec-
tion 2.3 can be reused verbatim, since it only relies on A being a pointed cpo with
continuous wrapper functions. Only the codomain of the putative Bchm normalizer
changes:

Definition 7 (cf. Definition 2) For any A, we define the function bta : A> — A
by
bta(m) = | ([ml: (Aa". 1 (VAR(2)))) $A.

Again, we write just bt : A — A for the variant where §A is replaced with 0, noting
that it agrees with bta whenever A NG = ().

5.3 Correctness of the construction

The proof proceeds very much like in the original, finitary case.

Basic results about compatibility

Lemma 17 P is inclusive for any P.

Proof: We need to show that Vk € w.3m € P.|M|* C (m) is an inclusive predicate
in M. By closure under intersections, it is enough to consider a fixed k. But, for
any chain (M;);cw, there must be an ig such that Vi > ig.|M;|* = |M;,|*. Hence, if
M;, € Pt the m € P such that |M;,|¥ C (m) will also work for all subsequent 7, and
thus also for | |, M;. O

icw
Lemma 18 The constructor functions preserve compatibility:

a. For allm and A, O <—>TA m.

b. If v € A, then VAR(v) <K VAR(v).

c. IfM HTAU{’U} m, then LAM(v, M) <—>TA LAM(v,m).

d. If My <%\ my and My <% mg, then APP(M;, My) <\ APP(m1,my).

Proof: Straightforward. Part (a) uses that [J is the least element in A and that <
is reflexive; part (b) uses that both C and « are reflexive; parts (c) and (d) use that
LAM(v,-) and APP(:,-) are monotonic and that « is a congruence wrt. LAM and
APP, respectively. |

Correctness of the wrappers

Definition 8 (cf. Definition 3) Forl € K, m € A®, and s € {nf,at}, we define
the representation relation 3 by

LS2miff Yn>tAln = mA(n=0vineBr).

The correctness of the wrappers will need to be established with respect to the
new definition of <. The original “interface” lemmas of 5 (Lemmas 3, 4, and 5) can
actually be restated verbatim — this considerably simplifies establishing soundness.
Of course, the underlying meanings, and hence the proofs, of the Lemmas do change,
according to the new definitions for the Bohm-tree construction.
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Lemma 19 (cf. Lemma 3) For fired A, s, and m, the predicate P = {l | | 5 m}
is pointed and inclusive.

Proof: Pointedness is immediate. Inclusiveness also follows directly, since the rela-
tion is defined in terms of universal quantification, conjunction, finite disjunction, and
inverse image by the (continuous) application function from the inclusive predicates
<1 (by Definition 5 and Lemma 17) and B™ (by construction). O

Lemma 20 (cf. Lemma 4) The representation relation is closed under weakening
and conversion:

a. If1 S8 m and A C N, then also I S& m.

b If 1 S5 m and m' € A® with m < m’, then also | S5 m'.

Proof: The proof is analogous to that of Lemma 4, with part (a) now exploiting
monotonicity of predicate extension: when n > A’ > A, In € {m’ € A® | m/ «
m}t C{m’ € A2 | m’ <> m}T. Part (b) just uses transitivity of «», like in the original
proof. O

Lemma 21 (cf. Lemma 5) Representations of terms behave much like the terms
themselves:

a. Ifve A, then \TAT{(’U) <5 VAR(v).
b If Iy S8 my and ly S5 ma, then APP(ly,1y) S& APP(my, ms).

Rat
A A
c. If1 S5 m, then also I 5y m.

at

d. Let f € [V — A] and m € ARV I Vo ¢ A fo S5 m[VAR(v) /2], then
CAM(f) 2 LAM(z, m).

Proof: In each case, assume that an arbitrary n > #A is given. Then the proofs for
each case proceed as follows:

a. Let arbitrary v € A be given. Then \TA?{(U) n = VAR(v). The first conjunct
in 5 then follows from Lemma 18(b), and the second by Rule AT-VAR.

b. Assume that [y gaAt my and Iy gnAf ms. Let further My = 1 n and My = [y n.
Consider M;. If My = O, then A/ﬁj(ll, l3) n = O; thus, the first conjunct holds
by Lemma 18(a), and the second by its left disjunct.

It M, # O, then APP(ly,ly)n = APP(M;, M,). By definition of < for [,
M, <—>TA my and My € B;Iéf. Analogously, M <—>TA mo and My = 0OV My €
Binf Since these two possibilities correspond to Rules BT-0J and BT-NF, we

have M, € Bgéf. And thus, APP(M;, M>) <—>TA APP(my, my) follows from
Lemma 18(d), and APP(M;, Ms) € Bt by Rule AT-APP.

c. Immediate, by Rule NF-AT.
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d. Let f, z, and m, satisfy the condition of the lemma, and let My = fg, (n +
1). Comnsider My. If My = O, then m/l(f)n = [, so the first conjunct of
m/l(f) <5 LAM(z,m) holds by Lemma 18(a), and the second by its left
disjunct.

If My # O, then LAM(f) n = LAM(g,, Mp). By definition of tA, g, & A,
and so by assumption on f, f g, <5~ m[VAR(g,)/x]. Thus, since n +1 >

~nf

#(AU{gn}), the definition of $ gives us that

My <—)TAU{g"} m[VAR(g,)/z] A My € B

By Lemma 18(c), LAM(gy,, Mo) <—>TA LAM(gn, m[VAR(gn)/x]). Now, since g,, &
A ensures that g, ¢ FV(m) \ {z}, LAM(g,, m[VAR(gy)/z]) <> LAM(z,m) is
a valid a-conversion. By construction of <—>TA (Definition 5) and transitivity
of <, also LAM(g,, My) <—>TA LAM(z,m). Finally, from M, € B2, we get
LAM(g,,, My) € B by Rule NF-LAM. -

Adequacy of the residualizing model By virtue of the above “interface” lem-
mas, the verbatim insertion of Lemmas 6, 7, 8, and 9 and their proofs remain correct
with the Bohm tree definitions, modulo a simple substitution of references to Lem-
mas 3-5 with references to Lemmas 19-21, respectively.

Correctness of the Bohm-tree normalization function The key technical
property of Bohm trees we will need for the completeness result, is that any finite cut
of a Bohm tree can be extended to a finite Bohm tree, still approximating the original
one. Thus, it will suffice to consider only approximants of the output term that are
themselves Bohm trees.

Definition 9 For any Bohm tree M € B{)‘;f, and k € w, we define the Bohm cut
| M||* by induction on k, as follows:

IM[°=0 D=0 |VAR()[F = VAR()
|LAM(e, Mo) [+ = [[Mo|* ® AM;. LAM (2, M)
|APP(My, My)[[*+1 = || My[* ® AM{. APP(MY, | Ma]|*)

Intuitively, || M]|* is the largest (necessarily finite) Bohm tree such that ||M||* T |M|*.
It is constructed by cutting off branches early, if they do not reach a complete Bohm-
subtree within the remaining height limit.

Lemma 22 Bohm cuts satisfy:
a. Vk.||M|* e Bfir.
b. Vk.|M|* C |M]*.
c. VE. 3K |M|FC || M|¥.

(These are the only properties of || M||* that we will subsequently use.)
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Proof: We prove (a) and (b) together by, induction on k. (They could also have
been proven separately). The strengthened induction hypothesis is

P(k) & V(s,M) € B™.(|M|" € BI" v ||M||* =O) A | M]* € |M]".

All parts of P(0) are immediate. For the inductive step, we assume P(k) and aim to
show P(k+1). Let M € B'™; we distinguish cases on M:

Case M = [: All parts are trivial.

Case M = VAR(x): Then ||M|/**! = VAR(z), which belongs to all of Bt B and
Bfin: and VAR(z) = |[VAR(z)[*+1.

Case M = LAM(x, My): By the inversion principle for B, M € Bg;f must be be-

cause M € B and that again must be because My € B%f. Now consider

| Mo||*. If |Mo|* = O, then also ||M]||**! = O, and all requirements are triv-
ially satisfied. Otherwise, |[M|**! = LAM(x, | Mo||¥). By the IH, we get that
| Mo||* € BiR and || Mpl||* C |Mo|*, from which we immediately conclude that also
LAM(x, || Mo||¥) € Bir and LAM(x, || Mo|[¥) & LAM(z, |Mo|*) = |[M|*+1.

Case M = APP (M, M>): Like above, we must have APP(M,, My) € B C B;’}f C
Bt hence My € B and M, € BIRf. If || M ||¥ = O, then also || M||*+1 =0, and
we are done. Otherwise, || M|**1 = APP(||M1|*, | Mz|/¥). By IH on My, we get
that | Mi]|* € Bi2 and || M;||* C |M;i|*. By IH on Ma, | M2||* € BE2 (which holds
even if | My|* = ), and ||Ma][¥ C |Mol*. Hence, APP(|M; 1%, [Ma]/F) € B,
and || M||**1 £ APP(|M,[*, [Ma]*) = [M[*F1.

For (c), the proof is by the inclusive variant of rule induction. We strengthen the
induction hypothesis to

P(s, M) < Vk3K . |M|F C |M|[* A (s # bt = [|M||* #0).

And we want to show that for all (s, M) € B P(s, M). First, we must establish that
P is inclusive. By closedness under intersection, and inverse image by projections, it
suffices to show that, for every fixed s and k,

P, k(M) & 3K MM C [ M|[* A (s # bt = |[M|* #0)
is inclusive. So, consider a chain My T My C - - - such that there exist &, k5, ... with
Vi M[* C M5 A (s # bt = [ # D);

we must show that there also exists a &’ such that || |, M;|* C |||, M;||* and (s #
bt = || L; Mill* # D).

But since there can be no infinite ascending chain of A-trees of height at most k,
there must exist an ig such that Vi > i, |[M;|¥ = |M;,|*, and so ||, M;|* = |M;, |F.
Take k" = k; . Then, by monotonicity of || — ||kl, we conclude,

L] Ml = M5, |F € 1M |F 1] Ma)*
% %

as required. Moreover, when s # bt, we have ||M;||*" # O, so also || ], Mi||* # O.
Now, we need to show that P is closed under the rules defining B™f. There are 6
cases to consider:
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Case (BT-0). To show: P(bt,0). For any k, |J|* = 0, so we can just take k' = 0.
The second conjunct is vacuously true.

Case (BT-NF. To show: P(bt, M), assuming P(nf, M). The result follows immedi-
ately from the assumption (forgetting the extra guarantee that || M||*" # O).

Case (NF-AT). To show: P(nf, M), assuming P(at, M). The result follows immedi-
ately from the assumption.

Case (NF-LAM). To show: P(nf, LAM(z, My)), assuming P(nf, My). Let k be given;
we must find a &’ such that [LAM(x, My)|* C [LAM(x, My)||*', and |[LAM (2, My)||*
#0.

By the assumption, there exists a kf) such that |My|* C || Mo||*o and || Mo||*o # 0.
Take k' = k{ + 1. Then

[LAM(z, Mo)|* € |LAM(z, Mp)[**" = LAM(x, [Mo|*) £ LAM(z, || Mo||*5)

= || Mo|*o & AMg. LAM(x, Mg) = |ILAM (2, Mo) %o = [ LAM(x, Mo)||*".

Case (AT-VAR). To show: P(at,VAR(z)). For any k, [VAR(x)|* C VAR(z) =
[VAR(z)||', so we can take k' = 1.

Case (AT-APP). To show: P(at, APP(M;, M), assuming P(at, M7) and P(bt, M3).
Let k be given; we must find a k&’ such that |APP (M, My)|* C ||APP(M;, My)||¥
and ||APP(M;, My)||* # O.

By the assumptions, there exists a k| such that [M; ¥ C || My|[** and || M |* # O,
and a kb such that |[Ms|* T || Mz||*2. Take k' = max(k{,k,) + 1. Then, noting
that for any M and k' < k", | M||* C [|[M||¥", we get:

|APP(My, Ms)|* € |[APP(M;, Ma)|** = APP(|M1|*, |Ms|*)

C APP(|| M [|F1, || M||F2) © APP(|My||mexkika), || My ek ka))
= || My | mex(kike) 6 AM. APP (MY, || My mex(h.k2))

= [[APP(M;, Mp)|[mex(FMA2) 41 = || APP(M,, M) |

O

For showing completeness, it will also be convenient to disregard the exact variable
names occurring in the output tree. Accordingly, we define the (evidently continuous)
shape function $ : A — A, by

$0=0  $VAR(z) = VAR(zg)
$ LAM(:C, Mo) = LAM(CEg;, $ Mo) $ P (Ml, Mg) = APP($ Ml, $ Mg)

where xg is some arbitrary but fixed variable. From the definition of the ordering
relation on A, it is easy to see that if M & M’ but $ M’ T $ M, then M = M'.

We can now refine the previous characterization of the wrapper functions, to state
that they produce representatives that are at least as defined as some given finite
tree:

Definition 10 (cf. Definition 4) For any finite M, andl € /A\, we define the bounded
uniform definedness predicate def (1) by defpr(l) < Vn € w.$M C $(In). We also
write def}, (1) for M # O Adefp(1).
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Lemma 23 (cf. Lemma 10) The wrapper functions preserve bounded definedness:
a. Forallv eV, def{",A_R(x)(\TAT{(v)).
b. If for allv € V, def}; (fv), then deffAiM(myMO)(m(f)).
c. If def}; (1) and defp, (l2), then defh(Mth)(@(ll,lg)).

Proof: In each case, let an arbitrary n € w be given. Then,

a. We have to show that $ VAR(z) C $ VAR(v). But by the definition of $ -, both
sides are simply VAR(zg), so the inequality holds.

b. We have to show that $ LAM(x, My) C $(fgn (n+ 1) ® AM}. LAM(g,, M})).
Let M) = fgn(n+1). By the assumption on f, def?\'/lo(f gn), so My # O
and $ My C $ M. Hence also M} # O, and it only remains to show that
$LAM(x, My) C $ LAM(g,,, M|), which follows immediately from the definition
of §.

c. We have to show that $ APP(My, M) C $ (I3 n® AM|. APP(Mj,lan)). Let
M{ = lin and M) = lon. By assumptions on [; and lo, we then get that
M, A0, $ M, E$ M, and $§ My C $§ M. So, again, we get M; # O, and then
$ APP(M,, M>) C $ APP(M;, M) by the definition of $. 0

Lemma 24 (cf. Lemma 11) Let m € A and p € [V — D] be such that Yx €
FV(m). 3l € A.p(z) =T1A def{r,AiR(z)(l). Then, for any M € A with M C (m),

a. If M € Bfir, then 31.[m], p = T1 A def},(1).

b. If M € Bir | then def (| [m], p).
c. If M € BE® then def (] [m], p).

Proof: By rule induction for Bfi»  with respect to the evident combined predicate,
giving two cases for each part of the lemma:

a. For Rule (AT-VAR), we have M = VAR(z), so we must have m = VAR(z).

Then [m], p = p(x), and since z € FV(m), the result follows directly from the
assumption on p.
For Rule (AT-APP), we have M = APP(M;, M), with M; € BS{‘ and My €
Bgt“, so we must have m = APP(my, ma), with M; C (my) and Ma T (ma).
By TH(a) on the first premise, there exists an I3 such that [m1], p = 711 and
defyy, (I1). Therefore, [m]: p = ¢ (tm(l1)) ([me]: p) = T (APP(l, | ([ma]: p)))-
Take Iy = | ([me]: p) and I = APP(l1,l3). By IH(c) on the second premise,
def s, (I2), so by Lemma 23(c), def, (1), as required.

b. For Rule (NF-AT), we have M € Bfi*. By IH(a) on the premise, [m], p = 11,
for some [ with def,(1). But | (11) =1, so also def},(] ([m]. p)).

For Rule (NF-LAM), we have M = LAM(z, My), with My € BiP, so we must

nf »

have m = LAM(x, mo) with My C (myg), and thus [m], p = fun(Ad.[mo]; plz — d]).

Expanding the definition of | for the functional case, we have to show that

deff s 1oty (CAMz.| ([mo]: plz +— 1 (VAR())]))).
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By Lemma 23(b), it suffices to show, for every v € V, def?\'/lo (1 ([mo]: p')), where

p=plr—1 (\TAT{(U))] This follows from IH(b) on the premise, if for every
x' € FV(my), there exists an [, such that p’(z') = 11 and def¢AR(z,)(l). But
for ' # x, we must have ' € FV(m), so this follows from the assumption on
p; and for ' = z, it follows from Lemma 23(a).

c. For Rule (BT-0), we have M = [, so the result follows trivially, since any m
satisfies defg (| ([m]. p)).

For Rule (BT-NF), we have M € Bl so by IH(b) on the premise, we get

deft, (1 (Jm]x p)), from which also defas (] ([m]s p)). -

We can now show the main completeness lemma:
Lemma 25 Let m € A®. If M« m and M € Bgéf then $ M C $bta(m).

Proof: Since for any A-tree M, M = | |, |[M|* (Lemma 16), by continuity of $, we
get the desired result from | |, $|M[¥ C $bta(m). By the definition of | |, it thus
suffices to show, for all k, that $|M|¥ C $bta(m).

Let k be given. By Lemma 22(c), there exists a k' such that [M|* C ||M|*". From
the definition of M «t m, we get that, for this &', there exists an m’ € A, such that
|M ¥ E (m/) and m < m/. Since |M|* C |M* (Lemma 22(b)), we must also have
IMIFE ).

Let po = Ax.7 (VAR(z)); by Lemma 23(a), this clearly satisfies the condition on
p in Lemma 24. Since |M||* € Bf" (Lemma 22(a)), Lemma 24(c) gives us that
def | ppe (L ([m']x po)), so in particular $IIM|* = $(| ([m']: po) tA). Thus, using
model soundness, $ | M|/¥ T $ (| ([m]. po) #A) = $bta(m). Finally, from |M[* C
| M][*, we get $ [M|* T $||M||*¥, and thus $|M|* € $bta(m), as required. O

Theorem 5 (cf. Theorem 2) bta from Definition 7 is a Bohm-tree normalization
function on A®, i.e., for all m,m’ € A®,

a. (soundness) bta(m) <—>TA m and bta(m) € B2E,

b. (identification) If m < m’, then bta(m) = bta(m').

c. (completeness) bta(m) is mazimal among M € B such that M <1 m.

Proof: (Soundness) and (identification) are shown verbatim as in Theorem 2 (using
Lemma 21(a) instead of Lemma 5(a)), with the unsurprising exception that unfolding
the new definition for < (using Definition 8 instead of Definition 3), again taking n =
#A, yields bta(m) = OVbta(m) € B2, from which we get the desired bta(m) € Binf
by Rule BT-O or Rule BT-NF, respectively.

(Completeness) Let M € Bitf with M «T m be given; we must show that M
cannot be strictly greater than bta(m). So assume that bta(m) C M. By Lemma 25,
$ M C $bta(m), so we must actually have bta(m) = M. O

From downwards closure of <, we get a simple, intuitive characterization of
soundness: in any finite approximation (not necessarily a level-uniform cut) of bta (m),
we can replace all holes [J with proper terms, to obtain a term convertible to the orig-

inal m. (In particular, if bta(m) # O, by the inversion principle for Bitf, we see
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datatype term = VAR of string | LAM of string*term | APP of term*term
datatype tree = LVAR of string | LLAM of string*(unit->tree)

| LAPP of (unit->tree)*(unit->tree)
datatype sem = TM of int -> tree | FUN of (unit -> sem) -> sem;

let fun down (s:sem):int->tree = fn n =>
(case s of
T™M1=>1n
| FUN £ => LLAM("g""Int.toString n, (fn v => fn () => v)
(down (£ (fn () => TM(fn n’ => LVAR("g""Int.toString n))))
(n+1))))
in let fun eval (m:term):(string->sem)->sem = fn p =>
(case m of
VAR x => p x
| LAM(x,m0) => FUN(fn d => eval mO
(fn x> => if x = x’ then d () else p x’))
| APP(m1,m2) => (case (eval ml p) of
™ 1 => TM(fn n =>
LAPP((fn v => fn () => v) (1 n),
fn () => down (eval m2 p) n))
| FUN £ => £ (fn () => eval m2 p)))
in let fun bt (m:term):tree =
down (eval m (fn x => TM(fn n => LVAR(x)))) O
in bt end end end

Figure 4: The Bohm normalization algorithm, BT.

that the original term must have at least a head normal form.) On the other hand,
completeness says that no such replacement for a hole already present in bta(m) can
have even a head normal form, since this would contradict that the result tree was
maximal.

Like in the finitary case, the characterization of normal forms for soundness and
completeness is based on (-normalization only. If we restricted our definition of
Bohm trees to only a-normal ones (i.e., using a fixed naming convention for bound
variables), instead of saying that the output was a mazimal Bohm tree compatible
with the input, we would have that it was the largest.

5.4 An implementation of the construction

As before, the development of an actual algorithm and its proof of correctness is
straightforward, given the domain-theoretic construction. Unsurprisingly, we shall
need to identify O with divergence, to obtain a computable algorithm (shown in
Figure 4), returning so-called effective Bohm trees.

As before, we assume [term]™ = A, and take T = [tree]™ and S = [sem]™!.
Note that tree is overly lazy when representing Bohm trees and we therefore need to
strictify the representations of LAM and APP explicitly, using the idiom (fn v =>
fn () => v). Asremarked in Section 5.2, the latter strictification is in fact optional,
but advantageous from an efficiency perspective.
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Lemma 26 There exists an isomorphism ipnr : A = T\, satisfying:

a. iar(0)=Lrp, .

b. For all z, iar(VAR(x)) = [tyar(z)].
. For all x and My, ia7(LAM(z, Mp)) = [teean(z, Mutiar (M) ].

d. For all My and Ma, inr(APP(My, Ms)) = |wwape(Autiiar(My), Aut.ipr(Ma))].
Proof: See Appendix B.2 |

o

We can also relate the our two variants of strict extension:
Lemma 27 For M € A and f : A=A, ixr(M&f) = iAT(M)*)\tT.iAT(f(i;%(LtJ))).
Proof: By cases on M: if M =0, then ipr(M) = L, and hence
iar(M & f) = iar(0) = L = Lx Minr(f(ixr([£))
= iar (M) * M. iar (f(ixz([t)) -
On the other hand, if M # 0O, then iap (M) = [t]| for some ¢t € T, and thus
inr(M & f) = iar(f M) = inr(f (ix7(iar (M)))) = iar (f (ixr([t]))
= [t x Mtiar (f (ixp(1t]) = iar (M) * At iz (f (ix7([t]) - 0

Like in the finitary case, we have chosen N = Z, so that A= [Z — A] is the
base domain in the definition of D,, whereas in S, we use the isomorphic [Z — T',].
Therefore, we get a slightly more complicated characterization of the relationship
between the two residualizing models:

Lemma 28 (cf. Lemma 12) There exists an isomorphism ips : D = S|, satisfy-
mg:

a. For alll € A, ips(tm(l)) = [tou(AnZ.izp (I n))].
b. For all f € [D; — D], ips(fun(f)) = [en( M~ ips(f(ips(t *))))].
c. ips(lp,)=1lg,
Proof: See Appendix B.1. O

We are now in position to relate the central domain-theoretic functions to the
denotations of their syntactic counterparts:

Lemma 29 (cf. Lemma 13) For alld € D, andn € Z,
iar(ldn) = ips(d) % As®. Ogoun s *x NIE=TL I py

Proof: By fixed-point induction on ® X Ogoun (Where ® is as in the proof of Lemma 8,
but with the Béhm-tree definitions), using the predicate R C [D, — A] x [S — A4]
defined by

R={(¢,0)|Vd € Dy,n € Zinp(p dn) =ipg(d)  As®.0 s % NE=TL] [ n}

The proof proceeds similarly to the proof of Lemma 13, expect that the isomorphism
iar must now also be accounted for. Assume that (¢, 6) € R, and let arbitrary d and
n be given. The cases d = Lp, and d = tm(l) are essentially unchanged, but now
using Lemmas 26(a) and 28(a), respectively.
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Case d = fun(f): Let & = Q[down — 6,5 — trw(At. ips(f(ipg(t *))))] and let & =
€l n £ — (M. ips(f(ips(t +))))]. Then,

ips(d) * As%.Ogoum(0) s % NZ=T2] | n
= ips(fun(f)) * As®.Qaou () s x MZ=T1l ] p
= lirow( M. ips (f(ipg(t )] * As%.Ogom(0) s % NIF=TLl 1 n
(by Lemma 28(b))
=[fn n => (case s of ...| FUN £ => LLAM .. )™ &x NZ=Tuln
= [LLAM("g""Int.toString(n), (fn v => fn O => v) (...)]= ¢
=[down (£ ...) ... ]P0 R MT D[t 2 METEL (g, t)]
=[down (f (fn O => ...)) (@+D]™ & x M7 | 1rean(gn, Au.|t])]
=[f C.O]™ ¢ % As%.0 5% XNE=TL (0 4+ 1)« M7 pean(gn, M. [2])]
N————

s/

=[f (fn O => TM(fn n’ => LVAR("g""Int.toString(n))))]™ ¢
= [ (Mt ips(f(ips(t *))) | *x Ag. [ Me.[TM(£n .. H]™ &'| x da.g a
= ips(f(ipg (e [var(gn)])])))

— s ((i (L .ir (VAR {g,))) ) (by Lemma 26(b))
= ips(f(tm(n” YAR g,)))) (by Lemma 25(a))
= ins(f(1 (VAR(g.))) (by Def. of VAR and 1)

The fixed point assumption on ¢ and 6 says that for all d € D, and n’ € Z,
iar(p d' n') =ips(d) As%.0 s NZ=Tel ] /. Taking d’ = f(1 (VAR(g,))) and

n’ = n+ 1, we continue:
[£ C.oO]™ &% As5.0 5% NPT 1 (n 4 1)« M7 [ teoau(gn, M. | t])]

= inr(p (F(T (VAR(g4)))) (n+ 1)) * M7 [ran(gn, Au.[t])] (by TH)
Similarly,
iar(®(p) d n)

s
S
=
=
=
3

)
@ (/{1 __
1 (VAR(gn)))) (n+1) ® AMA. LAM(g,,, M))  (by Def. of LAM)
1 (VAR(gn)))) (n+ 1)) * X" i (LAM(gn, ix7([1)))

(by Lemma 27)

= iar(p(f(T (VAR(g4)))) (n+ 1)) % AT [tcan(gn, A |t]) ]
(by Lemma 26(c))

g
Lemma 30 (cf. Lemma 14) For allm € A, p € [V— Dy, and p € [V— S1], such
that Vo € FV(m).ips(p(x)) = o(x), ips([m]r p) = Oevar m * Ag. g 0.

Proof: By structural induction on m. The proof of Lemma 14 can be reused
verbatim (using Lemma 28 instead of Lemma 12), except for the single subcase of
application where the eval definitions actually differ.

We now establish this subcase, which is to be understood in the corresponding
context from the proof of Lemma 14.
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Case m = APP(my, ma):

Case [m1]; p = tm(ly): By Lemma 28(a),
Ocval M * Ag.g 0
= [case (eval ml p) of TM 1 => TM(fn n ...) | ...J=0¢”
= [TM(fn n => LAPP(...)0)]™ ¢”[1+— An.ipr(l1 n)]
= [eo(AnZJLAPP (.. D)™ €71 = An.ipr (i n),n v n])]

l

Similarly,

Z.DS([[frn]]r P)
= ips( [[APP(ml,mz)]]r P)

= ips(Pr (tm(lh)) ([ma: p))
=ips(T APP(ll, ([m2]x p)))
= ips(tm (APP(/lb\ (Imalx p)))) (by Def. of T)
= [em(An.iar (APP(l1, | ([m2]: p)) n))] (by Lemma 28(a))
= [tm(An.iar(l1n ® AM{. APP(M7, | (Jmz]: p) n)))| (by Def. of APP)

4

Again, it remains to show that [ = I’. Let any n € Z be given.
Let " = ¢"[1 — An.iar(l1 n),n+— n]. We calculate:

In

= [LAPP((fn v => fn () => v) (1 n), fn O => ...)]]ml ¢

= iAT(ll n) *)\tl.[[fn O = .. .]]rnl glu*)\tQ-\_LLAPP()\U-l_tlj,tQ)J

= iar(l n) % Aty teapp (Mt |1 ], Au.[down (eval m2 p) n]™! ¢")]
=iar(l1 n) * Aty [eeapp (A [ 1], Au.ipg ([ma]r p) * As.Ogoun § % Ala.la 1) |

(by IH on ms)
= A (1 n) * Xt1. | eaee (Au. [t1 |, Muciar (] ([me]e p) n))]  (by Lemma 29)
= inr(I1 n) * M1 iar (APP(iyr([t1]), | (Im2]: p) n))  (by Lemma 26(d))
=iar(lh n ® AM;. APP(M;y, | ([me]: p) n)) (by Lemma 27)
=ln

Since n was arbitrary, [ = [’

Theorem 6 (cf. Lemma 15) For allm € A, iar(bt(m)) = sy m.

Proof: Let m be given, and let £ = ()[down — Gaoun, €val — Oeya1, bt > Opg,m — m).
Let further |p] = [fn x => TM(fn n => LVAR(x))]™ ¢ and p = (\zV.1 (m(l‘)))

We first verify that ¢ and p satisfy the requirements of Lemma 30, namely that
for all 2’ € VDO FV(m),
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x’)

= [fn x => TM(fn n => LVAR(x))]™ & x Af.f(z/)
= [TM(fn n => LVARGx))]™ &[x = 2]

= Lem( M. [tzuar(2)]) ]

)
—~

= [emu(AnZipr (VATR(:C’)))J (by Lemma 22(3))
= LLTM(ATIZiAT(XJiR(ﬂC/) n))] (by Def. 6 of VAR)
=1ips (tm(/)\n\Z.VAR(x') n)) (by Lemma 28(a))
— ins(T (VAR(z"))) (by Def. of 1)
= ips(p(a'))

Hence, by a single unrolling of the fixed-point equation Gpy = Opt(Opt),
Hbt m
= [down (eval m (fn x => TM(fn n => LVAR(x)))) O]™! ¢
=[eval m (fn x => TM(fn n => LVAR(X)))]]ml E* AS.030un S*A.LO
= Ooyal M * AG.g 0* AS.Ogoun S * ALL O

= ips([m]r p) * As.0a0un s * Al.L O (by Lemma 30)
= iar(l ([m]: p) 0) (by Lemma 29)
= ipr(bt(m)) (by Def. 7 of bt)

]

We thus have that the concrete Bohm-tree algorithm is denotationally correct (up
to isomorphism). However, BT, although well-typed and closed, is not a complete
program, since tree is not a ground type. Hence, unlike for NORM, we cannot readily
observe the program output: we first need a formal model of observation of Béhm
trees.

5.5 Observing Bohm trees
5.5.1 Computations with infinite results

When the output of the normalizer is a partial, infinitary data structure, it is far less
clear what to consider a legitimate notion of observation of the output. In particular,
unlike linear streams, which can be naturally produced and printed incrementally, gen-
eral trees need either a concept of “fair” autonomous production (every non-[] node
will eventually be printed), or a model based on interaction, where an independent
observer explicitly asks for successive nodes of the tree, while avoiding branches that
are (or might be) 0. Properly formalizing each of these in the context of our simple
functional language, would be far beyond the scope of the present paper, however.

Instead, we will consider a very simple model of observation, where the observer
can only ask about one specific node in the tree, for each run; the notion of interaction
is thus lifted out as an extralinguistic concept into multiple (possibly even concurrent)
top-level evaluations. (Of course, since the language fragment we consider is pure,
many subcomputations can be shared across such evaluations; but our denotational
model deliberately does not account for such quantitative aspects.) This approach
will still allow us to state precisely that we can correctly inspect any reachable part
of the output tree, and observationally distinguish any non-identical trees.

To keep the construction concise in our limited ML fragment, we use a uniform,
numeric indexing scheme for nodes. In general, for any finitely branching (but poten-
tially infinitely deep) rooted tree, we can associate a unique natural number to each
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node as follows: the root node has index 0, and for a node with index n in the ¢’th
subtree of a k-ary root node, its index in the whole tree is n - k + ¢. That is, if we
consider a tree to be a node label a, and & (possibly 0) subtrees, we access the label
of the n’th node of a tree t, t @n, as follows:

a(ty,...,tx) @0 =a (0<k) a(ti, ..., ty) @n-k+i =1t @n (<i<k)

Note that the only invalid indices are those that would correspond to subtrees of a
zero-ary (i.e., leaf) node.

5.5.2 Observing A-trees

For the specific case of A-trees, we must also take into account partiality, and the fact
that various nodes have different information as the label. Accordingly, we define the
set of observation results by

O ={VR() |ve V}U{LM(v) |v € V}U{AP} U{ER}

and define the operation - @ - : A x w — O, by course-of-values induction on the
second argument:

O@n=1 VAR(w)@0=|VR(v)] VAR(v)@n+1=|ER|
LAM(v, Mo) @0 = [LM(v)]  LAM(v, My) @n+1=My@n

APP(M;, M) @0 = |AP|
APP(My, My) @2-n+1 =M, @n  APP(My, M) @2-n+2 =DM, @n

We note that node-observations completely characterize a A-tree:

Lemma 31 If for alln e w, M @Qn = M'Qn, then M = M'.

Proof: By Lemma 16, it suffices to show that Vk.|M|* = |[M'|*, by induction on k.
The case k = 0 is trivial: both sides are [J. For the inductive step, we have to show
|M|F+1 = |M'|F*+! assuming the kth cuts are equal. We proceed by cases on M:

Case M =0: Then M @0 = L, so by assumption, also M’ @0 = L, and we must
have M’ = 0. Hence, in partlcular |M[F+1 = | M| =0

Case M = VAR(v): Then M @0 = [VR(v)], so also M’ @ (0 = |VR(v)], which can
only happen if M’ = VAR(v), so again we get |M [T = |M'|k+1 = VAR(v).

Case M = LAM(v, MO) Then M @0 = |LM(v)], so also M’ @0 = [LM(v)|, which
means that M’ = LAM(v, M) for some M{. Moreover, we have, for any n,
My@n=Ma@ n—i—l = M'@n+1 = M} @n. So by the IH, |My|* = |M{|*, a
thus [M[**! = LAM(v, |Mo|*) = LAM(v, |[Mg|*) = [M'[F*.

Case M = APP(M;, M): Then M@0 = |AP], so also M’ @0 = | AP |, which means
that M’ = APP(Mj, M) for some M; and M}. Now, for any n, M; @n = M Q@
2n+1 =M Q@2n+1=M]@n,soby IH, |[M|* = |M’|k Analogously, we get
[Mf* = [MAJE, and thus M1 = APP(M [, [My]F) = APP(M|F, [M]F) =
|M’|k+1.

]

41



datatype res = VR of string | LM of string | AP of unit | ER of unit;

let fun obs (t:tree):int->res = fn n =>
(case t of
LVAR x => if n = 0 then VR x else ER ()
| LLAM(x,t0) => if n = 0 then LM x else obs (t0 ()) (n-1)
| LAPP(t1,t2) => if n = O then AP ()
else if n mod 2 = 1 then obs (t1 ()) ((n-1) div 2)

else obs (t2 ()) ((n-2) div 2))
in obs end

Figure 5: A simple observation function, 0BS.

5.5.3 Implementing tree-observations in ML

The ML implementation of the observation function is shown in Figure 5. To represent
observation results, we introduce another ground datatype res; like for term, we
assume that [res]™ = O, and that the meanings of the constructors agree. We also
assume that the ML fragment has been extended with aritmetic operators -, div, and
mod, completely analogous to the existing +.

Lemma 32 For all M € A andn € w, M Qn = iap(M) *x At. Ogps t x Af. f 0.

Proof: We first calculate, using that Oops = fix(Oobs), for any ¢t € T
Hobs t* )‘f f n
- @obs(eobs) tx )‘f f?’l
tt — |VR(v
tvar(v)  — case n =0 of F {ERJ( )]
tt — [LM(v)]
ff — (tf %) * Atg. Oops to x Af. f (n— 1)

tam(v, ) — case n =0 of

= case t of casen =0
t — \_APJ
tuapp (7, 15) — of case nmod 2 =1
ff — of {u— — (th %) * Mt1. Oops t1 x Af. f 252
ff — (th %) * M. Oops to x Af. f 252

0 — |VR(v)]
tvar(v)  — case n of 41— [ER
/ 0 — [LM(v)]
= case t of tuan(v, £) — case n of n' 4+ 1 — (t)*) * Mo. Oops to x Af. f
0  — |AP]

teapp(t),th) — case nof § 2-n' + 1 — (8] %) % At1. Ogps t1 * Af. f 1/
2.0 +2— (th*)x Aa. Ogps ta x Af. f 1/

The proof then proceeds by a straightforward course-of-values induction on n. We
assume the lemma holds for all n’ < n, and consider the four possibilities for M:

When M = O, both sides are L, by Lemma 26(a). Of the remaining cases, we
show just M = LAM(x, Mp) in detail:
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iaT(LAM (2, Mo)) % At. Oops t ¥ Af. f 10

= [team(z, Awipar Mo) | x M. Oops t x Af. f (by Lemma 26(c))
= Gobs (LLLAM(QC, )\UZAT MO)) * )\f f n

_ 0 — [LM(v)]

= case n of 0 41— (inr Mo) ) * Mo. Buse to % Af. f 1 (by calc. above)
= case n of 0 = [LM(v)]

o ’n/-i-lHiATMo*AtQ.HObStQ*)\f.nt

B 0 — |LM(v)]

= case n of {n’Jrl L Myan! (by IH)
= LAM(z, My) @n (by Def. of @)

The cases for M = VAR(v) and M = APP(M;, M>) are completely analogous. [

Consider now an ML program whose datatype declarations are a union of those
in Figures 4 and 5 (in any order), and take

OBSBT = fn m => 0BS (BT m).
This is an ML expression of type term -> int -> res, i.e., a complete program.

Theorem 7 (cf. Theorem 4) For allm € A, n € w, and o € O, OBSBT ¢ (m,n) = 0
iff bt(m) @n = |o].

Proof: We first note that, since BT and 0BS are closed, for any &, [BT]™ ¢ = |
and [0BS]™ & = s |. Then,

[0BSBT]™ ) % Af1. fim * Afa. fan

=[fn m => 0BS (BT m)]™0x Afi. fimxAfa. fan
= [0BS (BT m)]™ Q[m+ m]* Afa. fam

= (Bos M * At Ogps t) x A fa. fon

— Boe 1k A Oops £ % A fo. fom

= ia7(bt(m)) % At. Oops t x Afa. fam (by Theorem 6)
=bt(m)@n (by Lemma 32)
The result then follows immediately from Theorem 3. |

Moreover, Lemma 31 tells us that BT is also operationally correct with respect to
any other observation function (including ones using more user-friendly access paths),
because OBS-observations can already distinguish all elements of type tree, even those
that do not represent proper Bohm trees.

6 Conclusions and perspectives

We have presented a domain-theoretic analysis of a normalization-by-evaluation con-
struction for the untyped A-calculus. Compared to the typed case, the main difference
is a change from induction on types to general recursion, both for function definitions
and for the domains and relations on them. That the correctness proof has a gener-
alized computational-adequacy result at its core, further strengthens the connection
between normalization and evaluation. Moreover, the algorithmic content of the con-
struction corresponds very directly to a simple functional program, enabling a precise
verification of the normalizer as actually implemented.
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There are several possible directions in which to extend or modify the present
work. Especially in the infinitary variant of the algorithm, there is some leeway in
exactly what kind of A-trees we wish to consider as output, and our observation model
for them. It should also be possible to extend the language and notion of normaliza-
tion with interpreted constants in a suitable sense. But already the current results
indicate that the fundamental ideas of NBE are not incompatible with general recur-
sive types. Thus, reduction-free normalization may provide a complementary view of
other equational systems that are currently analyzed using exclusively reduction-based
methods. It might even be possible to find unified formulations of rewriting-theoretic
and model-theoretic normalization results about particular such systems.

Acknowledgment The authors wish to thank Olivier Danvy, as well as the FOS-
SACS’04 and RATRO-ITA reviewers, for their insightful comments.
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A Existence of invariant relations

For completeness, we review Pitts’s technique. For conciseness, let us fix our attention
to the recursive domain equation

X2 (A+[X - X))o

where A is a cpo.
A solution to this equation is a pointed cpo D and an isomorphism i : D =
(A4 [D — DJ),. Define the continuous function ¢ : [D — D] — [D — D] as

“H(lina(a)]) — i~ (Lina(a)])
d(e)(d) = case d of i Hlina(f)]) — i~ (linz(eo foe)))
1p —>LD

A solution is called a minimal invariant if fix(d) = idp.
The following is well-known and can be found in in e.g. Pitts [Pit96]:

Theorem 8 For any cpo A, there exists a minimal invariant to the recursive domain
equation X = (A+[X — X]),

This section establishes the following result, which is an abstract version of the
construction used by Pitts to show computational adequacy for untyped PCF [Pit93]:

Theorem 1 Let A be a cpo, and leti: D = (A+[D — D)), be a minimal invariant.
Let T be a set, and let predicates Py CAXT, P, CT, and P3 CT xT x T be given,
such that {a | Pi(a,t)} is inclusive for every t € T. Then there exists a relation
A CDXT, with {d| d <t} inclusive for every t € T, such that, for all d € D and
teT,

d=1pV
Ja.d =i~ Y(|in1(a)|) A Pi(a,t) V
Af.d =i (Lina(f)]) A Pa(t) A
vd/ E D;t/,t// E T. Pg(t,t/,t//) /\d/ < t/ :> f(d/) < t//

d<tiff

To show the theorem, let A, (D,4), and T be given. Define a set Rel of relations
on D x T by

R e Rel iff forallt e T, {d| (d,t) € R} is a pointed, inclusive subset of D.

C is ordinary set inclusion. Since Rel is
closed under arbitrary intersection, (Rel,C) is in fact a complete lattice. (Note,
however, that joins in this lattice are not in general set-theoretic unions, since the
union of an arbitrary family of inclusive relations need not itself be inclusive. Rather,
|{R:; | i €I} =N{R € Rel | Vi € I.R; C R}, i.e., the smallest inclusive relation
containing all of the R;.) In particular, Rel°®, i.e., Rel ordered by D, is also a complete
lattice, and so is Rel°® x Rel.

Then (Rel,C) is a partial order, where C
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Now, let predicates Py C AX T, P, C Tyand P3 C T xT x T be given, with P; (-, 1)
inclusive for all t € T'. Define R : Rel®® x Rel — Rel by

R(R™,R") =
d=1pV
Ja.d =i (ini(a)]) A Pi(a,t) V

Af.d=1i"(lin2(f)]) A Pa(t) A
vd' € D;t',t" € T. P3(t,t',t") A (d',t') € R~ = (f(d'),t") € RT

(d,t)

R is clearly monotone. It is also easy to check that it preserves inclusivity: in
addition to the usual closure under abitrary intersection, finite union, and inverse
image, we use that the two existentials are guarded by order-monics, so that, e.g., in
the second disjunct, a chain d; E dy C - - - also induces a chain a; E as C - - -, allowing
us to exploit inclusivity of Pj(-,t). To prove Theorem 1, we thus only need to show
that there exists a relation < € Rel such that < = R(<,<). We first establish a
seemingly weaker result:

Lemma 33 There erist relations <, <1t € Rel, satisfying:
a. 47 =R(<T,<7) and <t = R(<™,<™).

b. For all R, R* € Rel, if R~ C R(R*,R~) and R(R~,R*) C R*, then R~ C
<~ and <t C RT.

Proof: Define the symmetric extension of R, R : Rel® x Rel — Rel® x Rel, by
R(R™,R*) = (R(R*,R7),R(R™,R")).

Now R is a monotonic operator on a complete lattice, so by the Knaster-Tarski
fixed-point theorem, R has a fixed point (<17, <) that is also the least prefixed point
of R. That is, we have (a) (<—, <) = R(<~, <), and (b) if R(R™, RT) T reiov x el
(R, R™) then (<7, <9%) CRrererxger (R™, RT). And these are precisely the properties
claimed in the statement of the lemma. O

For relations R, S € Rel, we now define a predicate on e € [D — D] by:
e:RcCS iff Vde D,teT.(d,t) € R= (e(d),t) € S.

Since this predicate is defined as an intersection of inverse images of the inclusive S,
it is itself inclusive.

Lemma 34 Ife: R C S then d(e) : R(S,R) C R(R,S).

Proof: Assume e: R C S, and let (d,t) € R(S, R) be given; we must show that
(5(e)(d),t) € R(R,S). Consider d. The cases d = Lp and d = i~ ([in1(I)]) do
not depend on R, S, or e, and are thus immediate. Assume now d = i~ !(|ina2(f)])
where by assumption, Ps(t) and Vd', ¢, t" . Ps(t, ', t") A (d',t') € S = (f(d),t") € R.
Then 6(e)(d) = i~!([ina(eo foe)]|). P(t) still holds. Let d’,t,t" be given, such
that Ps(t,t',t") A (d',t') € R; we must show (eo foe)(d),t") € S. We calculate: by
e: RcCS, (e(d),t') € S; by assumption on f, (f(e(d')),t”) € R;andbye: RC S
again, (e(f(e(d"))),t”) € S, as required. O
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Finally, we can show that <<~ and <™ are in fact the same relation:
Lemma 35 The relations <" and < are equal.

Proof: We show that each relation is included in the other. First, take R~ = <™
and RT = <~. By Lemma 33(a) we then get that R = R(R™,R*") and R~ =
R(R*™,R™). Hence, by Lemma 33(b) (either half), <™ C <.

Conversely, we have by Lemma 33(a) and Lemma 34 that if e : <~ C <" then
d(e) : 9= C <t. Since (L,t) € < for any ¢, we also have Lip_,pj: <~ C <. Thus,
by fixed-point induction, fix(§) : <~ C <t*. And since (D, ) is a minimal invariant,
fix(§) = idp, and so idp : <<~ C <7, ie. <7 C T, O

Taking < = <t = <, and using Lemma 33(a) (either half), we have thus estab-
lished < = R(<, <), and hence proven Theorem 1.

B Existence of isomorphisms

In the following, we show that the recursive domains used in the abstract normaliza-
tion constructions, correspond naturally to the predomains arising as the denotations
of recursive types in the ML implementation. Naturally, the two specific instances
covered here are examples of a more general correspondance, essentially building on
currying/uncurrying isomorphisms; however, setting up a proper framework for ob-
taining such correspondences uniformly, would be too tangential to the paper’s main
topic of NBE constructions.

B.1 TIsomorphisms for the redualizing model

In appendix A, we considered minimal-invariant solutions (D, %) of the recursive do-
main equation,

X2A+[X—-X))L,

where A was some fixed cpo. Similarly, we may consider the recursive predomain
equation,
YgB‘F[[l*)YJ_]*)YJ_],

for some cpo B. A solution to this equation consists of a (bottomless) cpo S and
an isomorphism j : S = B+ [[1 — S;] — S1]. Define the continuous function
V[ =S =[5 — Si] by

_ j~Him(a)) — [ (ina(a))]
Y(e)(s) = case s of {jl(z‘ng(f)) — [ ina (M5 fua(t *) x €) x €))]

A solution is called a minimal invariant if fix(y) = As.|s]. The standard inverse-limit
construction, re-expressed in the setting of predomains and total continuous functions,
finds minimal-invariant solutions in this sense.

We will also need the following simple property about fixed points:

Lemma 36 Let D and E be pointed cpos, and let f : D — D and g : F — FE
be continuous functions. If ¢ : D — FE is a strict continuous function such that
co f=goec, then c(fix(f)) = fix(g).
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Proof: By fixed point induction. Define the admissible predicate P(d,e) < ¢(d) = e
as an inverse image of the equality predicate. Since c is strict, we have P(Lp, Lg)
and so P is also pointed. Let now d and e be given such that P(d, e), i.e., ¢(d) = e.
By assumption on f and g, also ¢(f(d)) = g(c(d)) = g(e), i.e., P(f(d),g(e)). Thus by
the continuity of f and g, P(fix(f), fix(g)) or simply c(fix(f)) = fix(g). O

We are now in a position to establish the existence of isomorphisms between
domains and predomains from minimal invariants for the above equations.

Lemma 37 Let A and B be isomorphic cpos viaiap : A= B; let (D, i) be a minimal
invariant for the recursive domain equation X = (A+[X — X|)1; and let (S,7) be a
minimal invariant for the recursive predomain equation Y =2 B+ [[1 — Y] — Y] ].
Then there exists an isomorphism ips : D = S, , satisfying

a. Foralla € A, ips(i™'([in1(a)])) = [i 7 (in1(iap(a)))].
b. For all f € [D — D],

ips (i~ (Lina(f)])) = 5~ (ina (X' 5+ ips(f(ips(t *)))))-
C. ips(J_D) = J—SL'

Proof: By direct construction. For any strict functionsh: D — S, and k: S, — D,
define the strict H(h,k): D — S, and K(h,k) : S, — D by

i 1(WM(G)J) — [~ (in1(iap(a)))]
Ad.case d of Ylina(f)]) — [ in ()\tIHSL~h(f(k(t )))))]

J_D *)J—SL

H(h, k)

K(h,k) = X\s'.s’ x As.case s of { i~ (iny (b)) — i 1(L (ZAé(b))J)

3~ H(in2(g)) — i~ H([in2(Ad. k(g(Aut.hd)))])
Then define (ips,ipg) = fix(A(h, k)IP=SIXISe =Dl (H(h, k), K (h, k))).

We need to show that ipg and z'BlS are in fact two-sided inverses. Let ¢ be the
strict function A(h,k).koh:[D — S,] x [SL — D] — [D — D]. Now,

)-
llj) s K (h, k) (h, k)

(coA(h, k:) (H(h
= K(h,k) h,
— K(h,k)([j~ (in1(iap(a)))])
= Ad.case d of — K (h, k) ([ (ina(M h(f (k@) ])
— K(hk)(Ls,)
(L (i (142(a)))))
4[ima (A k(e (£ (0))) ()

Z"I(Lim(a)J)

— i Y(lina(koho fokoh)|)

m1
Z’IZQ
m1 — 1
= \d.case d of mg —
an
= Md.case d of mg
) m1

a)) — i~ (|in1(a)])

= (Ae.\d.case d of (mg(f)) — it (linz(eo foe)]) p) (koh)
1p — 1p

—(500) (h,K)

Hence, by Lemma 36 and the minimal invariant property of (D, 1),

inL oips = c(fix(A(h, k).(H (h, k), K (h, k)))) = fix(6) = idp .
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For the other direction, let ¢’ be the strict function A(h,k).h o k o (As.|s]) :
[D— S1]x[SL— D]—[S— S1]. We proceed similarly,

(¢" o A(h, k).(H (h, k), K (h, k))) (h, k)

— H(h, k) o K(h, k) o (As.|s])

= MAs.case s of {j_l(ml(b)) — H(h, k) (i7([in1 (i 5(0))]))
' 3~ Hina(g)) — H(h, k) (i"'(lina(Ad-k(g(Au.h d))))))
= As.case s of {j_l(ml(b)) - U_l(ml(iAB(lLlB( )]
37 ina(f)) = [ (ine(AA((Ad-k(g(Muhd))) (K(t*)))))]
= As.case s of {jl(ml(b)) — |37 (in1 (b))
37 (ina(f)) — L™ (ing (AR (k(f (Auh(k(t+)))))))]
37 H(ina (b)) — [ (ina (b))
= As.case s of i ima(f)) — L~ (ima (M. (f(i?;(}f(z)(fsj\; h(k([s]))) *)))J
(by strictness of h and k)
 erscase s of L3 Hm0)) = i (ima(0)
= Oeaseasesof { LG = U0 ooy ey wen )
(As.h(k(ls])))

= (yod)(h k)
By Lemma 36 and the minimal-invariant property of (S, j),

ips 0ipk o (As.|s]) = ¢ (fix(A(h, k).(H (h, k), K (h, k)))) = fix(y) = As.|s] .

Also, iDs(iBIS(L)) = 1 by strictness of ips and igg. Thus, ips : D = S| is indeed
an isomorphism. From the fixed point equation ipgs = H(’L'Ds,iBg), we can then
immediately read off the additional properties in parts (a-c) of the Lemma. O

Lemma 37 in particular establishes Lemma 12, taking A = B = [Z — A, ] and
iap = idz—p - It also establishes Lemma 28, with A = [Z — A], B = [Z—T.], and
iap = Al.Andar(In), where ipar : A = T is the isomorphism from Lemma 26.

B.2 TIsomorphisms for Bohm trees

The proof of the existence of isomorphisms for Béhm trees proceeds analogously with
above. For a cpo A, a solution to the recursive domain equation,

X2¥A+AXX+X xX),

is a pointed cpo D and an isomorphism ¢ : D = (A+ AXx D+ D x D),. The
corresponding ¢ : [D — D] — [D — D] is given by,

iY(lim(a)])  — i (lini(a)])
i~ '(lin2(a,do)]) — i~ ([ina(a, e(do))))
i~ (Lina(d1, da)]) — i~ ([ins(e(d), e(d2))])
1p —1p

d(e)(d) = case d of

Again, a solution is a minimal invariant if fix(§) = idp.
Similarly, the recursive predomain equation,
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has a minimal-invariant solution consisting of a (bottomless) cpo S and an isomor-
phism j: S5 A+ AXx[1 — S ]+[1 — S1] x[1 — S1], such that the continuous
function vy : [S — S1] — [S — S.] given by

J “Hina(a)) = [T H(ina(a)))
~v(e)(s) = case s of Lina(a,to)) — [ (ina(a, du. (to *) x€))]
“ins(t1,t2)) — [J (ing(Au. (t1 *) * e, Au. (t2 %) xe))]

satisfies fix(y) = As.|s].
Lemma 38 Let A a cpo, let (D,i) be a minimal invariant for the recursive domain
equation X 2 (A+ Ax X + X x X) 1, and let (S, j) be a minimal invariant for the

recursive predomain equation Y 2 A+ Ax 1 =Y |+[1 =Y, |x[1—Y.]. Then
there exists an isomorphism ips : D = S|, satisfying

a. ips(Lp) = Ls,.
b. For all a, ips(i~(lini(a)])) = |~ (ini(a))].
For all a and d, ips(i~(lina(a,do)]) = [~ (ina(a, \ut.ips(do)))].
d. For all di and ds,
ips(i71(lins(d1,d2)])) = |5~ (ing(Mut.ips(di), \ut.ips(dz)))].

Proof: By direct construction. For any strict functionsh: D — S and k: .S, — D,
define the strict H(h) : D — S, and K (k) : S. — D by

i) | L)
I

o

i (linz(a, do)]) "(ina(a, Au. h(dp)))]
Ad-case d of § y—1 (i) do)|) — [ (ing (. h(dy), A h(da)))]
J_D — J—SL
jHina(a))  — i~ (lini(a)])
K(k) = Xs'.s’ x As.case s of { j~(inz(a,tg)) — i 1(ng( k(to %))])
3 ins(t, ta)) — i (Lins(k(ty %), k(t2 %))])
Then define (ips,ipy) = fix(A(h, k)[P=5:1x52 =Dl (f(h), K (k))).

Again, we need to show that ipgs and 2539 are in fact two-sided inverses. Let ¢ be
the strict function A\(h,k).koh:[D — S1] x [SL. — D] — [D — D]. Now,

(coN(h,k).(H(h), K(k))) (h, k)

=
=
|

= K(k)o H(h)
i~!(lin(a)])  —i~ 1(LZ’N1(@)J)
= Ad.case d of i~ ([inz(a,do)]) — 7 ([ina(a, k((Au. h(do)) *))])
i (ling(di, do)]) — i~ (Lina(k((Au. h(d1)) %), k((Au. h(d2)) *))])
1p — LD
i(lim(a)]) —i 1(Lml(a)J)
~dease d of 4 17 (Lina(a, do)]) "(lina(a, (k o h)(do))))
i 1(Llns(d1,d2)J) “H(Lins((k o h)(d1), (ko h)(d2))])
1p — J-D
— (50.0) (h, k)

By Lemma 36 and the minimal invariant property of (D, ),

ipL oipg = c(fix(A(h, k).(H (h), K (k)))) = fix(8) = idp .
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For the other direction, let ¢’ be the strict function A(h,k).h o k o (As.|s]) :
[D—S,]x[S.— D]—[S— S1]. We proceed similarly,

(¢ 0 A(h, k).(H (h), K(k))) (h-k)
] “Hina(a)) = [ (ina(a)])

= As.case s of Y(ing(a,to)) — |~ (ina(a, Mu.h(k(to *))))])
“L(ins(t1,t2)) — [J (insMu.h(k(ty %)), Au.h(k(tz *))))])
= (yod)(h, k) (by strictness of h and k)

By Lemma 36 and the minimal invariant property of (S, j),

ins o ipk o (As.[s)) = ¢ (Bx(A(h, k).(H (R), K (k) = fix() = As.[s].
Thus, ips : D = S, is indeed an isomorphism.
As before, the fixed point equation ips = H (i Ds,iBIS) immediately yields the

remainder of the lemma. O

Lemma 38 establishes Lemma 26.
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