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Abstract

The rewriting logic CRWL has been proposed as a semantic frame-
work for higher-order functional logic programming, using applicative
rewriting systems as programs and lazy narrowing as the goal solving
procedure. We present an extension of CRWL with a polymorphic
type system, and we investigate the consequences of type discipline
both at the semantic level and at the operational level. Semanti-
cally, models must be extended to incorporate a type universe. Oper-
ationally, lazy narrowing must maintain suitable type information in
goals, in order to guarantee well-typed computed answers.
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liminary version of the paper, much shorter and including no proofs, was published as
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1 Introduction

Research on functional logic programming (FLP, for short) has been pursued
for longer than ten years, aiming at the integration of the best features of
functional programming (FP) and logic programming (LP). In this paper, we
investigate the integration of two fundamental characteristics: logical seman-
tics, mainly developed in the LP field, and type discipline, best understood
in FP languages. Regarding the FP side, we restrict our attention to non-
strict languages such as Haskell [43], whose advantages from the viewpoint of
declarative programming are widely recognized. Thanks to lazy evaluation,
functions in a non-strict language can sometimes return a result even if the
values of some arguments are not known, or known only partially, and the
semantic values intended for some expressions can be infinite objects. In the
rest of the paper, “FP” must be understood as “non-strict FP”.

Logical semantics characterizes the meaning of a pure logic program P
(a set of definite Horn clauses) as its least Herbrand model, represented
by the set of all the atomic formulas that are logical consequences of P in
Horn logic [2, 14, 3]. Disregarding those proposals without a clear semantic
basis, most early approaches to the integration of FP and LP, as e.g. [28,
16, 26] were based on the idea of adding equations to LP languages. This
approach is appealing because equational logic is simple, well-known and
widely applicable. Equational logic captures LP by representing Horn clauses
as a particular kind of conditional equations, and it seems to capture also FP
by viewing functional programs as sets of oriented equations, also known as
term rewriting systems (shortly, TRSs) [10, 30, 6]. Certainly, term rewriting
serves as an operational model for FP, but in spite of this equational logic
does not provide a logical semantics for FP programs. In general, the set of all
equations that are logical consequences of a functional program in equational
logic do not characterize the meaning of the program. As a simple example,
let P be the FP program consisting of the following two equations:

repeatl(X) ~ [X|repeatl(X)]
repeat2(X) ~ [X,X|repeat2(X)]

Here [X|Xs] represents a list with head X and tail Xs, and the notation
[X,X|repeat2(X)] abbreviates [X|[X|repeat2(X)]]. In a non-strict FP
language, it is understood that the expressions repeat1(0) and repeat2(0)
have the same meaning, namely an infinite list formed by repeated occur-
rences of 0. If equational logic would characterize the meaning of P, both



expressions should be interchangeable for the purposes of equational deduc-
tion, which is not the case. In particular, repeat1(0) ~ repeat2(0) cannot
be deduced from P in equational logic.

In contrast to the failure of equational logic, denotational semantics [21] is
able to characterize the meaning of functional programs. In our example, the
common meaning of repeat1(0) and repeat2(0) is the limit of a sequence
of partially defined lists with increasing information, built with the help of a
special symbol L which represents an undefined value:

1 J [olLl T [o,0lL] T [0,0,01L1] O

Borrowing ideas from denotational semantics, [19] proposed a rewriting logic
CRWL to characterize the logical meaning of higher-order FP and FLP pro-
grams. The main results in [19] are existence of least Herbrand models for all
programs, in analogy to the LP case, as well as soundness and completeness
of a lazy narrowing calculus CLNC for goal solving. No type discipline was
considered.

Regarding type discipline, most functional languages use Milner’s type
system [35, 9], which helps to avoid errors and to write more readable pro-
grams. This system has two crucial properties. Firstly, “well-typed programs
don’t go wrong”, i.e., it is guaranteed that no type errors will occur during
program execution, without any need of dynamic type checking at run time.
Secondly, types are polymorphic, because they include type variables with a
universal reading, standing for any type. For instance, a function to com-
pute the length of a list admits the polymorphic type [a] — int, meaning
that it will work for a list of values of any type «. Polymorphism promotes
genericity of programs.

Type discipline in LP [12, 34] is not as well understood as in FP. Often one
finds a distinction between the so-called descriptive and prescriptive views of
types. The descriptive approach is applied to originally untyped programs,
and views types a posteriori as approximations (usually regular supersets)
of the success sets of predicates. On the contrary, the prescriptive approach
views types a priori as imposing a restriction to the semantics of a program,
so that predicates only accept arguments of the prescribed types. Usually,
the prescriptive view leads to explicit type annotations in programs.

In our opinion, polymorphic type systems in Milner’s style are also a good
choice for LP and FLP languages. Types in Milner’s type system have both
a prescriptive and a descriptive role. More precisely, a type 7, — 7 for a



function f prescribes an argument of type 7 and describes a result of type 7,
which is guaranteed as long as the prescription for the argument is obeyed.
The prescriptive part is in fact imposed, since an expression f(e) is rejected
at compile time if e has not type 7, in spite of the fact that f(e) might
happen to have a well defined value of type 7 for some e that has not type
71. Mixing the prescriptive and descriptive views is also useful to understand
some type systems for LP, where different types can be assigned to different
modes of use of the same predicate. For each particular mode of use, one can
think of a type prescription for the input arguments and a type description
for the output arguments.

In the past, polymorphic type systems have been proposed for Prolog
programs [39, 23, 22], for equational logic programs [24] and for higher-order
logic programs in the language A-Prolog [40, 41, 31]. Exactly as in Milner’s
original system, the aim of [39] was to guarantee that “well-typed programs
don’t go wrong” without any type checking at run time. On the contrary,
the type systems in [23, 22, 24, 41, 31] can accept a wider class of well-typed
programs, but type computations at run time are needed.

Currently, polymorphic type systems are supported by existing FLP lan-
guages such as Curry [13] and 70OY [32]. In the case of 7OY, no dynamic
type checking is performed by the current implementation. As a consequence,
absence of type errors at run time is guaranteed for purely functional compu-
tations, but not for more complicated computations involving higher-order
logic variables.

The present paper is a thoroughly revised, corrected and extended version
of [20]. Tt is intended as a contribution to a better understanding of polymor-
phic type discipline in FLP languages with a logical semantics. Starting from
the results in [19], we extend the rewriting logic CRWL and the narrowing
calculus CLNC with a polymorphic type system, and we investigate the con-
sequences of type discipline both at the semantic level and at the operational
level. At the semantic level, we modify the models from [19] to incorporate a
type universe. However, we do not require programs to be well-typed in order
to be regarded as meaningful. Every program P has a logical meaning given
by a least Herbrand model, which is well-behaved w.r.t. types in the case
that P is well-typed. At the operational level, we modify CLNC to include
some type information in goals. More precisely, a type environment assigning
types to variables is maintained within each goal. The modified narrowing
calculus is designed to be sound and complete in a reasonable sense w.r.t.
the computation of well-typed solutions. Moreover, dynamic type checking
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takes place only at those computation steps where some logic variable which
is acting as a function becomes bound.

The rest of the paper is organized as follows. In Section 2 we introduce
Higher-Order (shortly, HO) FLP programs as a special kind of applicative
TRSs, as well as a polymorphic type system. In Section 3 we give all the
constructions and results concerning the logical semantics of well-typed pro-
grams, including all the proofs that were omitted in [20], as well as new
examples. In Section 4 we present the lazy narrowing calculus CLNC, show-
ing by means of detailed examples that all the type checking mechanisms
embodied in the calculus are really needed. The soundness and completeness
of CLNC are presented in a revised formulation w.r.t. [20], and the proofs
which were missing in [20] are now provided. All along the paper we include
some succint comparison to related work. We summarize our conclusions in
the final Section 5 and we collect most of the technical proofs in an Appendix.

2 Programming with Applicative Rewrite
Systems

2.1 Types and Expressions

Since we are interested in HO FLP languages with a type discipline, we
need a suitable syntax to represent types and expressions of any type. To
introduce types, we assume a countable set T'Var of type variables o, (3, ...
and a countable ranked alphabet TC' = | TC™ of type constructors C.
Types T € Type are built as

neN

7 i=oa (eae€TVar) | (Cr...7) (CeTC") | (tr—7)

Types without any occurrence of — are called datatypes. By convention,
C 7, abbreviates (C' 71...7,), “—” associates to the right, and 7, — 7
abbreviates ;4 — .-+ — 7, — 7. The set of type variables occurring in 7
is written tvar(r). A type 7 is called monomorphic iff tvar(r) = 0, and
polymorphic otherwise.

A polymorphic signature over TC is a triple X = (TC, DC, FS), where
DC = J,en DC" tesp. FS =,y FS™ are ranked sets of data constructors
resp. defined function symbols. Moreover, each ¢ € DC™ comes with a type
declaration ¢ :: 7,, — C @y, where n, k > 0, a1, ..., q; are pairwise different,



7; are datatypes, and tvar(r;) C {aq,...,qx} for all 1 < i < n (so-called
transparency property). Also, every f € FS™ comes with a type declaration
f 7T, — 7, where 7;, 7 are arbitrary types.

As we will see later on, functions f € FS"™ must be defined by means
of rewrite rules with n formal parameters. Moreover, the types declared in
a signature for data constructors and defined functions are the principal or
most general ones, which can be instantiated to more particular types (pos-
sibly involving “—”) for different uses of the constructor or function. Note
that the principal types of data constructors must respect the transparency
property and the additional restriction requiring the principal types of ar-
guments to be datatypes. As we will see, transparency is essential for our
results. The additional restriction is not imposed by current FP [43] or FLP
[13, 32] languages, and we have not checked whether our results remain valid
when dropping it. However, we believe that this restriction is not a severe
limitation for practical programming; see Example 1 below.

In the sequel, we use the notation (h :: 7) €,, % to indicate that X
includes the type declaration h :: 7 up to a renaming of type variables. For
any signature X, we write X, for the result of extending > with a new data
constructor L :: «, intended to represent an undefined value that belongs
to every type. As notational conventions, we use ¢,d € DC, f,g € FS and
h € DCUFS, and we define the arity of h € DC"UFS™ as ar(h) = n. In the
sequel, we always suppose a given signature >, which will not always appear
explicitly in our notation. Assuming a countable set DVar of data variables
X,Y,... (disjoint with TVar), partial expressions e € Exp, are defined as
follows:

e =X (XeDVar) | L | h (he DCUFS) | (eeq)

These expressions are usually called applicative, because (e e;) stands for
the application operation (represented as juxtaposition) which applies the
function denoted by e to the argument denoted by e;. First-order (shortly,
FO) expressions can be translated to applicative expressions by means of
so-called curried notation. For instance, f(X,g(Y)) becomes (f X (g Y)).
The set of data variables occurring in e is written var(e). An expression
e is called closed iff var(e) = 0, and open otherwise. An expression e is
called linear iff every X € var(e) has one single occurrence in e. Following a
usual convention, we assume that application associates to the left, and we
use the notation e €, to abbreviate ee; ...e,. Expressions e € Fxp without



occurrences of 1 are called total. Two important subclasses of expressions
are partial data terms t € Term, , defined as

t o= X (XeDVar) | L | (cty) (c€ DC™)
and partial patterns t € Pat, , defined as:

t o= X (XeDVar) | L | (ctn) (c€DC",m<mn) |
(ftm) (f € FS",m<n)

Note that expressions (f ¢,,) with f € FS™ and m > n are not allowed
as patterns, because they are potentially reducible using rewrite rules for f.
Total data terms t € Term and total patterns t € Pat are defined analogously,
but omitting L. Note that Term, C Pat, C Ezp,. As usual in FP, data
terms are used to represent data values. Patterns generalize data terms and
can be used as an intensional representation of functions, as we will see in
Subsection 2.3.

Most functional languages allow also A-abstractions of the form AX.e to
represent functions. Some approaches to HO FLP also permit A-abstractions,
see e.g. [25, 46, 48, 33]. In spite of some known decidability results for partic-
ular cases, in general \-abstractions can give rise to undecidable unification
problems [17]. We restrict ourselves to A-free applicative expressions, which
are expressive enough for most programming purposes.

The next example illustrates some of the notions introduced so far.

Example 1 (Polymorphic Signature)

Let us consider a polymorphic signature with TC" = {bool,nat}, TC' =
{1ist}, TC? = {sum}, DC" = {true, false,z,nil}, DC' = {s,1s,1s},
DC? = {cons}, FS° = {one}, FS' = {not,negate, head, tail, unpack,
wild, extend, pp,p}, FS* = {and, or, plus,map, snd, twice, (++)}, FS* =
{third, split} and with the following type declarations:

true, false :: bool Z, one :: nat

cons i @ — lista — lista nil :: list «
negate :: list bool — list bool s :: nat — nat
tail, extend :: lista — lista not :: bool — bool
and, or :: bool — bool — bool head :: lista — «
plus :: nat — nat — nat p, Pp :: nat — bool

map :: (¢ — ) — lista — listf wild : o — (3
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(++) :: lista — lista — lista snd . aa — 3 — (3
twice & (¢ — a) — a — « ls = a — suma f3
third = a — 0 — v — v rs :: f — suma
split :: list o — lista — lista — bool

unpack :: ( — () — «

Then, we can build data terms such as (s X), (cons (s X) (cons Ynil)); pat-
terns such as (plus z), (snd X), (twice twice), (twice (plus X)); and ex-
pressions, like (map (plus X) (cons (s X) nil)), (twice (plusX) Y). And
we can also build the type list (sum (o — bool) «), for lists whose ele-
ments can represent either values of type a or boolean functions over such
values.

In the sequel, we use Prolog notation for the list constructors, writing [ ]
for nil and [X|Xs] for cons X Xs. We also write [a] for the type list a.
In concrete examples, we sometimes use infix notation for other constructors
and function symbols, writing e.g. Xs ++ Ys instead of (++) Xs Vs.

The following classification of expressions is useful: Xe,,, with X € DVar
and m > 0, is called a flexible expression, while he,, with h € DC' U FS is
called a rigid expression. Moreover, a rigid expression is called active iff
h € FS and m > ar(h), and passive otherwise. Note that any pattern is
either a variable or a passive rigid expression. As we will see in Subsection 3.1,
outermost reduction makes sense only for active rigid expressions.

Following the spirit of denotational semantics [21], we view Pat; as the
set of finite elements of a semantic domain, and we define the approzimation
ordering 1 as the least partial ordering over Pat, satisfying the following
properties: 1. 3¢, forallt € Pat;; X 3 X, for all X € DVar; and ht,, 3 h3,,
whenever these two expressions are patterns and t; O s; for all 1 < 7 <
m. Pat,, and more generally any partially ordered set (shortly, poset), can
be converted into a semantic domain by means of a technique called ideal
completion; see e.g. [37]. Our semantics in Section 3 will be based on posets.

As usual, we define type substitutions o, € TSub as mappings o,: TVar —
Type extended to o, : T'ype — Type in the natural way. Similarly, we consider
partial data substitutions o4 € DSub, given by mappings o4: DVar — Pat,
total data substitutions o4 € DSub given by mappings o,: DVar — Pat, and
substitutions given as pairs o = (04, 04). By convention, we write 70y instead
of 4(7), and 6,0, for the composition of 6, and oy, such that 7(6,0;) = (76;)0y
for any 7. We define the domain dom(o;) as the set of all type variables «
such that o,(«) # «, and the range ran(o;) as |J ) tvar(oy(c)). For any
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subset A C dom(o;) we define the restriction o, | A as the type substitution
o, such that dom(o;) = A and oj(a) = oy(«) for all & € A. Similar notions
can be defined for data substitutions. the identity substitution id = (idy, idy)
is such that idi(a) = a for all & € T'Var and idy(X) = X for all X € DVar.

The subsumption ordering over Type is defined by the condition 7 < 7/
iff 7/ = 70, for some o, € TSub. A similar ordering can be defined over
Ezp,, and extended to work over DSub, by defining 6, < 0/, iff 0, = 6,404
for some o, € DSub, . For any set of data variables X', we use the notations
0y < 0,[X] (resp. 0; < 0,[\X]) to indicate that X6, = X600, holds for some
o4 € DSub, and all X € X (resp. all X ¢ X'). The subsumption ordering
over Type also induces a subsumption ordering over TSub. Finally, let us
mention the approrimation ordering over DSub,, defined by the condition
o4 J ol iff 04(X) 3 0l)(X), for all X € DVar.

2.2 Well-typed Expressions

Inspired by Milner’s type system [35, 9] and by various approaches to type
systems for LP [12, 34], we now introduce the notion of well-typed expression.
We define a type environment as any set 1" of type assumptions X :: 7 for
data variables, such that T does not include two different assumptions for
the same variable. The domain dom(T) and the range ran(T') of a type
environment are the set of all data variables resp. type variables that occur
in T'. For any variable X € dom(T"), the unique type 7 such that (X :: 7) € T
is noted as T'(X). Given oy € TSub, we define T'o; as the type environment 7"
such that dom(T") = dom(T') and T'(X) = T(X)o, for all X € dom(T). We
write T < T" ift T" = T'oy for some o, € TSub. Type judgements T Fyre =T
are derived by means of the following type inference rules:

VR Thryr X or, if T(X)=r.
ID Thrwrh:toy,if (b T) €y 21 and oy € TSub.

AP Ttrwyr(ee) =urm, f Tkwre: (mm — 7)and T Fyr e 1y, for some
T1-

Note that the rule ID reflects the implicit universal quantification of type
variables in the types of data constructors and defined functions. On the
contrary, the rule VR treats the types of data variables as fixed by the



current type environment. This corresponds to the distinction between [et-
bound and A-bound identifiers in the classical presentation of polymorphic
type inference [35, 9].

An expression e € Ezp, is called well-typed in a type environment 7 iff
there exists some type 7 such that T' Fyr e :: 7. Expressions that admit
more than one type in T are called polymorphic. A well-typed expression
always admits a so-called principal type that is more general than any other.
Adapting ideas from [35, 9], we define a type reconstruction algorithm TR to
compute principal types. Assume an expression e and a type environment T’
such that var(e) C dom(T'). Then TR(T,e) returns a pair of the form (e, E)
where €7 is a type annotation of e and E is a system of equations between
types, expressing most general conditions for 7 to be a valid type of e. The
algorithm TR works by structural recursion on e:

VR TR(T,X) = (X7,0), if T(X) = 7.

ID TR(T,h) = (h7,0), if (h = T) €per X1 is a fresh variant of A’s type
declaration.

AP TR(T,(ee1)) = (e e"),FEUE,U{T = 1 — 7}),if TR(T,e) =
(e",E), TR(T,e1) = (e', Er), tvar(E) N tvar(Ey) C ran(T), v ¢
tvar(E) U tvar(Ey) is a fresh type variable.

Type-annotated expressions, as those returned by TR, have the following
syntax:

e’ u= X" (X € DVar,T € Type) |
h7ot (b T €per 21,00 € TSub) | (€77 €]')”

Implicitly, we are assuming that a type-annotated expression never includes
two different annotations for the same variable. In the sequel we often abbre-
viate type annotations by omitting some intermediate types. In particular,
we write (™7 €")7, or even more simply (e7* 7€), to abbreviate a full
type annotation of an expression of the form (e €,). The following lemma
says that type-annotated expressions correspond to the derivation of type

judgements in a natural way. The straightforward proof is omitted.

Lemma 1 (Type Annotation vs. Type Derivation)
Given a type-annotated expression €™, let e be the expression obtained from
e by erasing all type annotations, and let T' be the implicit type environment
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of €7, which consists of all the type assumptions X :: 7 such that X7 occurs
as a part of €. Then T Fwr e 2 7. Reciprocally, whenever T Fyr e T,
there is some type annotation €™ of e whose implicit type environment is T'.
O

The algorithm TR also returns a system E of equations between types.
By definition, its set of solutions TSol(E) consists of all o, € TSub such
that 7o, = 70y for all 7 &~ 7/ € E. If E is solvable (i.e., TSol(E) # 0), a
most general solution mgu(F) = o, € TSol(E) can be computed by means
of Robinson’s unification algorithm (see e.g. [2]). The key properties of the
type reconstruction algorithm are given by the next theorem, whose proof
can be found in the Appendix.

Theorem 1 (Type Reconstruction)
Assume TR(T,e) = (e", E). Then:

1. For every o, € TSol(E): Toy Fwre:: Toy.

2. Reciprocally: if T < T' and 7" € Type are such that T' Fywr e 2 7/,
then there exists o, € TSol(E) such that To, = T' and €70y, =™ . O

Assuming TR(T,e) = (e7, E') with solvable E, and oy = mgu(FE), we write
PT(T,e) = 1oy for the principal type of e w.r.t. T, and PA(T,e) = e”oy for
the principal type annotation of e w.r.t. T'. Here, e"0; is meant as the result
of applying o, to all the type annotations occurring within e”. In particular,
the outermost type annotation in e”oy is 70y.

In order to compute a principal type for an expression e with var(e) =
{X1,...,X,} one can invoke TR(T,e) with T' = {X; = aq,..., X, = ay},
where «; are n pairwise different type variables. All the expressions from
Example 1 are well-typed in suitable environments, and some of them have
a polymorphic principal type. For instance, twice twice is well-typed in the
empty environment. Moreover, PA((), twice twice) can be computed as

((a—a) —ma—a) = (a—a) va—a (a—a) Haaa) (a—a) —wa—a

(twice twice

The following three lemmata state some technically useful properties of
type inference. Proofs are given in the Appendix.

Lemma 2 (Typing Monotonicity)
Assumet € Pat,, 7 € Type and a type environment T such thatT Fyrt 2 T.
Then T Ewr t' 2 7 holds also for every pattern t' Jt. O

11



Lemma 3 (Well-typed Substitution)

Assume two type environments Ty, Ty, a partial expression e such that Ty & yr
e :: 7, and a substitution o = (oy,04) which is well-typed in the sense that
Ty Fwr Xog =0 To(X)oy for all X € wvar(e). Then, it is also true that
T Fwreoy :: Toy. O

Lemma 4 (Type Instantiation)
Assume T Fwr e 2 7. Then Toy Fwr e 2 Toy holds for any substitution
o, € TSub. O

In fact, Lemma 4 is a particular case of Lemma 3. Moreover, Lemma 3
admits the following reformulation, which is helpful when working type an-
notations. A proof is also given in the Appendix.

Lemma 5 (Well-typed Substitution in a Type-annotated Expres-
sion)

Assume a type-annotated expression €™ and a substitution o = (o4, 04) which
1s well-typed in the sense that X o4 can be annotated with type oo, for every
type-annotated variable X™ occurring in e”. Then, "o is a type-annotated
ETPTession. O

When applying Lemma 5 in the sequel, we often assume that e”o has
been built as a principal type annotation.

As part of the definition of polymorphic signatures we have required a
transparency property for the principal types of data constructors. Due to
transparency, the types of the variables occurring in a data term ¢ can be
deduced from the type of t. It is useful to isolate those patterns that have a
similar property. To this purpose, we define transparent patterns as

t ==X (XeDVar) | L | (cty) (c€DC",m<n) |
(ftm) (f € FS™, m<n)

where the subpatterns ¢; in (ct,,) and (ft,,) must be recursively transparent,
and the principal type of the defined function f in (f#,,) must be of the form
Tm — T with tvar(7,,) C tvar(7).

In the sequel, we say that a type which can be written as 7,, — 7 ful-
filling tvar(7,,) C tvar(t) is m-transparent, and a function symbol f will be
called m-transparent iff its principal type is m-transparent. Note that a data
constructor c¢ is always m-transparent for all m < ar(c).
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Types and patterns that are not transparent are called opaque. As a
typical example of an opaque pattern, consider (snd X), whose principal
type (8 — () reveals no information on the type of X. Different instances
of (snd X) actually keep the principal type (6 — (), independently of the
type of the expression substituted for X. The following transparency lemmata
(proved in the Appendix) show that such a behaviour is not possible for
transparent patterns.

Lemma 6 (Transparency)

Assume a transparent pattern t and two type environments T, Ty such that
Ty FwrtoTand Ty Fwrt 7, for a common type 7. Then T1(X) = TH(X)
holds for every X € var(t). O

In the sequel, we sometimes use the notation T kw7 a :: 7 :: b to indicate
that the expressions a and b have a common type 7 in the type environment

T.

Lemma 7 (Transparent Decomposition)

Assume a m-transparent h € DCUFS such that T & ywp hG,, == 7 i hb,, holds
for a common type 7. Then, there exists types 7; such that T Fwra; =2 7; = b;
holds for all 1 <1 < m. O

2.3 Programs

Following [19], we define CRWL programs as a special kind of applicative
TRSs, but now requiring well-typedness. More precisely, assuming f € FS™
whose declared type (up to renaming of type variables) is of the form f :
Tn — T, a well-typed defining rule for f must have the following form:

fti ...t — r <~ C | T
—_—— ~— ~— ~—
left hand side (1) right hand side condition type environment

where [ must be linear, ¢; must be transparent patterns, » must be an ex-
pression such that var(r) C var(l), the condition C' must consist of finitely
many (possibly zero) so-called joinability statements a X b where a, b are ex-
pressions, and 7" must be a type environment whose domain is the set of all
data variables occurring in the rewrite rule, and such that: T Fyr t; =2 7; for
1<i<n,Tkwrr:7and T Fyp C :: bool. The symbol L never occurs
in a defining rule. A well-typed CRWL program can be any set of well-typed
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defining rules for different symbols f € FS. Neither termination nor con-
fluence is required. In particular, the lack of confluence means that CRWL
programs can define non-deterministic functions, whose usefulness for FLP
languages has been advocated in [18]. Hence, the restriction var(r) C var(l)
is not motivated by confluence, but needed for a type preservation result
presented as Theorem 2 in Subsection 3.1.

The meaning of joinability statements will be explained in the next sec-
tion. An additional explanation is needed to understand the previous def-
initions. In T Fyr C' :: bool, we view C' as an “expression” built from
symbols in the current signature ¥, plus the two additional “operations”
(M) :: @« — o — bool and (,) :: bool — bool — bool, used in infix notation
to build conditions.

Note that defining rules in a well-typed program are type-general and
transparent, because they match exactly the principal type declared for the
corresponding function and they use transparent patterns in their left-hand
sides. The transparency of function definitions made no sense in [19], but it
is important in a typed setting. We consider also untyped programs, which
are sets of untyped defining rules where the type environment 7' is missing.
The restriction var(r) C var(l) is not needed for untyped programs.

In practice, users of FP languages such as Haskell [43] or FLP languages
such as 70OY [32] provide type declarations only for data constructors. In
most practical cases, this allows an automatic inference of the principal types
of defined function symbols, using a type reconstruction algorithm embedded
into the language’s implementation. Note, however, that our class of CRWL
programs allows so-called polymorphic recursion. The typability problem
is known to be undecidable for programs which use polymorphic recursion
[29], and any implemented type reconstruction algorithm is bound to fail
sometimes for such programs.

The next program, based on the signature from Example 1, will be useful
as a basis for other examples in the rest of the paper. It consists of obviously
well-typed definitions, except for the following three exceptions: the rewrite
rule defining the function wild, which has extra variables in its right-hand
side; the first rewrite rule defining the function extend, which is not type-
general; and the rewrite rule defining the function unpack, which has an
opaque pattern in its left-hand side.

Example 2 (CRWL Program)

not :: bool — bool
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not false — true < () o 0
not true — false <= (0 o ()

or :: bool — bool — bool
ortrueX — true < () o {X :: bool}
or falseX — X < () o {X :: bool}

negate :: [bool] — [bool]
negate [] — []1 <« 0 o 0
negate [X|Xs] — [not X|negateXs] < () o {X :: bool, Xs

extend :: [a] — [a]
extend [] — [2] <« 0 o 0
extend [X|Xs] — [X,XIXs] < 0 o {X : a,Xs = [al}

and :: bool — bool — bool
andtrueX — X < () o {X :: bool}
and false X — false < ) o {X :: bool}

head :: [a] — «
head [XIXs] — X < 0 o {X = «a,Xs == [a]}

one :. nat
one — sz

tail = [a]l — [aod
tail [XIXs] — Xs < 0 o {X = «a, Xs = [al}

plus :: nat — nat — nat
pluszY — Y < () o {Y :: nat}
plus (sX) Y — s (plusXY) <« 0 o {X,Y :: nat}

unpack = (0 — () — «
unpack (sndX) — X < 0 o {X = a}

wild @ a — (
wildX - Y < 0 o {X = a,Y 2 §}

15
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p 1 nat — bool
p(sY) — true <« 0 o {Y :: nat}

pp :: nat — bool
pp (sX) — pX < 0 o {X :: nat}

map = (o — ) — [al — [f]
mapF[] — [1 < 0 o {F: (a« - B}
mapF [X|Xs] — [FXImapFXs] <« 0 o

{F: (a— B),X: a,Xs =

snd = — [ —
sndXY - Y < 0 o {X:a,Y: 5}

twice = (@ — a) — a — «
twiceFX - F(FX) <« 0 o {F: (@« - a),X = a}

(++) = ol — [a]l — [a]
[1++Ys — Ys < 0 o {Ys = [al}
[XIXs] ++Ys — [XIXs++Y¥s] < 0 o {X :: «, Xs, Vs 2 [al}

third @ a —  — v — v
thirdXYZ - Z < ) o {X = a,Y = 3,2 = 7}

split :: [al — [a]l — [a]l — bool

split Xs Ys Zs — true < Xs X Ys++Zs 0 {Xs, Ys, Zs = [a]}

[al}

In the previous program, most patterns in the left-hand sides are data
terms of FO type, except for the HO pattern (snd X) in function unpack and
the HO variable F in functions map and twice. The usefulness of HO patterns
as intensional representations of functions is better illustrated in the next ex-
ample, where circuit is used as an alias for the type bool — bool — bool —
bool. Functions of this type are intended to represent simple circuits which

receive three boolean inputs and return a boolean output.

Example 3 (Use of HO Patterns: Simple Circuits)

x1, x2, x3 :: circuit
x1X1X2X3 — X1 < () o {X1, X2, X3 :: bool}
x2X1X2X3 — X2 < () o {X1, X2, X3 :: bool}
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x3X1X2X3 — X3 < ( o {X1, X2, X3 :: bool}

notGate :: circuit — circuit
notGate CX1X2X3 — not (CX1X2X3) « 0 O
{C :: circuit, X1, X2, X3 :: bool}
andGate :: circuit — circuit — circuit
andGate C1 C2 X1 X2X3 — and (C1X1X2X3) (C2X1X2X3) « 0 O
{C1, C2 :: circuit, X1, X2, X3 :: bool}
orGate :: circuit — circuit — circuit
orGate C1 C2X1X2X3 — or (C1X1X2X3) (C2X1X2X3) « 0 o
{C1, C2 :: circuit, X1, X2, X3 :: bool}
size :: circuit — nat
sizexl — z
sizex2 — z
sizex3 — z
size (notGate C) — s (sizeC) « (0 o {C :: circuit}
size (andGate C1C2) — plus (sizeCl) (sizeC2) <« () O
{C1, C2 :: circuit}
size (orGate C1C2) — plus (sizeCl) (sizeC2) < ) O
{C1, C2 :: circuit}

This obviously well-typed program should be completed with the defini-
tion of function plus, as in Example 2. Functions x1, x2 and x3 represent
the basic circuits which just copy one of the inputs to the output. More
interestingly, the HO functions notGate, andGate and orGate take circuits
as parameters and build new circuits, corresponding to the logical gates NOT,
AND and OR. The function size, whose definition uses HO patterns for cir-
cuits, computes the number of gates of a given circuit. Imagine that we are
interested in a circuit whose output coincides with the majority of its three
inputs. Using A-notation, a circuit with this desired behaviour can be written
as follows:

AX1.)MX2.)X3. (and (or (and X1 X3) X2) (or X1 X3))

In our A-free setting, an intensionally different circuit with the same be-
haviour can be represented as a pattern:

(andGate (orGate (andGate x1 x3) x2) (orGate x1 x3))

More generally, many patterns in the signature of this example are useful
representations of circuits. The problem of finding a pattern that realizes a
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circuit with a given logical behaviour has been discussed in detail in [47]. The
solution can be easily written as a 7 Q) program [32], using a lazy generate-
and-test method that exploits the combination of lazy evaluation and non-
deterministic functions. The use of HO patterns as formal parameters and /or
computed results is not possible in Haskell [43].

3 A Rewriting Logic for Program Semantics

3.1 Rewriting Calculi

In [19], a rewriting logic was proposed to deduce from an untyped CRWL
program P certain statements that characterize the meaning of P. More
precisely, two kinds of statements must be considered: approzimation state-
ments e — t, meaning that t € Pat, approximates the value of e € Fxp, ; and
joinability statements a M b, meaning that a — ¢, b — t holds for some total
t € Pat. The collection of all ¢ such that e — ¢ can be deduced from P leads
to a logical characterization of e’s meaning, as we will see in Subsection 3.2.
On the other hand, joinability statements are needed for conditions in rewrite
rules, as well as for goals (see Section 4). They do not behave as equations
in equational logic, for two reasons: t is required to be a total pattern rather
than an arbitrary expression, and it is not required to be unique. Requiring
unicity of ¢ would lead to a deterministic version of joinability, which has
been used under the name strict equality in several FLP languages, as e.g.
(15, 38].

Roughly, a deduction of e — ¢ in CRWL corresponds to a finite sequence
of rewrite steps going from e to ¢ in the TRS P U {X — L}. Unfortunately,
this simple idea does not work directly, because it leads to an inconvenient
treatment of non-determinism (see [18, 47| for details). Therefore, two special
rewriting calculi were proposed in [19] to formalize CRWL deducibility in a
HO setting. The first one, called Basic Rewriting Calculus (BRC for short)
expresses reflexivity, monotonicity and transitivity of CRWL-reductions in a
natural way. Its definition is as follows.

Definition 1 (The Basic Rewriting Calculus BRC)
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BT: e—1 RF: e—e

TR. e—e e —¢ MN: e—e e —e€)
e— e (eer) — (¢ ¢€))
C :
R: if(l -r<C)elP]L
[ —r

J:

a—t b—t

if ¢ is a total pattern
aXb P

The inference rule R above uses the set of (possibly partial) instances of
rewrite rules from P, that is defined as follows, ignoring the type environ-

ments:

PlL={(l—-r<=Cloy|(l—-r<=CoT)eP,o,€ DSub,}

Due to the rules BT and R, BRC is not equivalent to classical rewriting. The
Goal Oriented Rewriting Calculus (shortly GORC), given below,
looks still more unnatural from the classical rewriting viewpoint. The moti-
vation to introduce GORC is the top-down, goal-oriented format of GORC
we will see in Section 4, this feature provides a useful basis for

alternative

proofs. As

the design of goal-solving calculi.

Definition 2 (The Goal-Oriented Rewriting Calculus GORC)

BT:

OR:

DC:

J:

e —1 RR: X —- X ifXeDVar

ep—ty - e, —t, C raj...ap, —t

fer...epay...a, —t
if t 2 1 is a pattern, m > 0, and ft;...t, > r < C € [P],

61—>t1 em_>tm

if ht;...t, is a rigid pattern
hei...e;y = hty... t, ! g P
a—t b—t

if t is a total pattern
aXb p

BRC and GORC are essentially equivalent, as shown by the following

result.
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Proposition 1 (Rewriting Calculi Equivalence)
For any CRWL program P, BRC and GORC' derive the same approrimation
and joinability statements.

Proofidea: Reasoning by induction on the structure of proofs, it is possible
to show that BRC proofs can be converted into GORC proofs and viceversa.
We omit a detailed reasoning because it would be very similar to the proof
of Proposition 4.1 in [18], which deals with the FO fragment of CRWL in an
untyped setting. This reference includes also more motivation for the intro-
duction of both rewriting calculi. a

In the sequel we refer mainly to the GORC calculus. We use the no-
tation P Fgorc ¢ to assert that the statement ¢ can be deduced from
the program P using GORC. Next we show a simple example of a GORC
proof, based on the program from Example 2 and deriving snd (tail [X])
M snd (tail [Y]).

Example 4 (A Simple GORC Proof)

1. snd (tail [X]) X snd (tail [Y]) by JN, 2, 3
2. snd (tail [X]) — snd [] by DC, 4
3. snd (tail [Y]) — snd [] by DC, 5
4. tail [X] — [] by OR, 6, 8
5. tail [Y] — [] by OR, 7, 8
6. [X]1 — [XI[1] by DC, 8, 9
7. [Y] — [YI[]] by DC, 8, 10
8. [1 — [] by DC
9. X — X by RR.
0. Y — ¥ by RR.

The next definition will be useful later on.

Definition 3 (Structured GORC Proofs)
The structure of a GORC proof 11 for statement ¢ (in symbols, I1 ~ @) obeys
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to the following abstract syntax:

(II~¢) 2= BT~e— L
| RR~ X — X
| (i~ e =t & &M~ e, =, &I~ C&
"~ ra, —t) +(OR)~ fe,a, —t

Zf (f%n—>r<:0)e[7?h

| (HlMelﬁtl&"'&HmMemHtmj +(DC)
~ hen, — hitn

| IIi~a—t&Iy~b—t) +(JN)~aXb

When writing structured GORC proofs in the rest of the paper, we some-
times abbreviate them by omitting some parts which are unneeded or can be
deduced from the context.

There is a natural relation between GORC deducibility and the approxi-
mation ordering J over Pat, , as shown by the following lemma. We omit the
straightforward proof, which proceeds by induction over the size of GORC
proofs. A proof of item 3 for the FO fragment of CRWL can be found in
[18], Lemma 4.1.

Lemma 8 (Basic Properties of GORC)
Assume a (not necessarily well-typed) CRWL program P. The following prop-
erties hold:

1. For anyt,t' € Pat,: PFgopct —t < t 1.

2. For any e € Fzp,, t,t' € Paty: P Fgorc e — t andt It/ —
Pl_GORce—> t.

3. For any e € Exp,, t € Pat, and 04,0, € DSub, such that oq 3 o):
P Feorceoqs —t = P Fgore e, — t with a proof of the same size
and structure. a

Let us now consider the relationship between GORC provability and the
polymorphic type system introduced in Subsection 2.2. Note that P Fgorc
e — t corresponds to a purely functional computation reducing e to t. Al-
though GORC derivations do not perform any kind of type checking, they
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do always preserve types in the case of a well-typed program. The following
subject reduction lemma, proved in the Appendix, guarantees that a single
OR step is type-preserving.

Lemma 9 (One Step Subject Reduction for GORC)

Assume that a well-typed program P includes a defining rule ft, — r <
C a Ty for a defined symbol with principal type f == T, — To. Suppose
also a type environment T and a substitution o = (oy,04) which verifies
TFwrtiog 1oy forall1 < <n. Then T Fyrrog :: 190;. O

The proof of Lemma 9 relies on the Lemmata 3, 4, and 6. Type-preservation
for arbitrary GORC derivations is ensured by the next result, whose full proof
is given in the Appendix.

Theorem 2 (Subject Reduction for GORC)
Consider a well-typed program P. Assume e € Fxp, , 7 € Type and a type
environment T such that T ‘-ywr e :: 7. Then, for everyt € Pat, :

Ptrgorce =t = Thrwypt:T.

Proof idea: Induction on the size of a given GORC proof for P Fgorc e —
t. A case distinction is needed according to the GORC inference rule applied
at the last step. The OR case is the most interesting one; it is proved with
the help of Lemma 9. a

When defining well-typed program rules in Subsection 2.3, we have re-
quired absence of extra variables in the right-hand sides, as well as type
generality and transparency of the left-hand sides. All these requirements
are needed for the subject reduction property to hold. This is shown by the
next example, based on the program from Example 2.

Example 5 (Subject Reduction Failure)

1. {X:a}Fyrwild X::bool and P FgorewildX — z, but {X::a} Hyr
z ::bool.

2. 0 Fywr extend [] :: [bool]l and P Fgorc extend [1 — [z], but 0
Hwr [z] :: [booll.

3. 0 k7 unpack (snd z) ::bool and P Fgorc unpack (snd z) — z, but
0 Hwr z:: bool.
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Our result on the existence of well-typed least Herbrand models for well-
typed programs (see Lemma 11 and Theorem 3 in Subsection 3.2) crucially
depend on the subject reduction property, and thus on the absence of extra
variables in right-hand sides. Both the GORC calculus and the construction
of least Herbrand models are concerned only with the behaviour of rewriting
computations. Goal solving in the logic programming sense is the task of the
lazy narrowing calculus CLNC presented in Section 4. In contrast to GORC,
computations in CLNC do not instantiate extra variables in an arbitrary
way. Therefore, it might be the case that extra variables on right-hand sides
are no obstacle for the well-typed behaviour of lazy narrowing. We have not
investigated this problem.

Independently of the extra variables issue, the possible occurrence of HO
logic variables in goals implies that no analogon of the subject reduction
property can be found for goal solving in CLNC. As we will see, dynamic
type checking is needed in order to face this difficulty. In Section 4 we also
use GORC proofs to witness the correctness of solutions computed by CLNC.
For this reason, the following notion is useful to investigate the construction
of well-typed CLNC computations.

Definition 4 (Type-annotated GORC Proofs)

Type-annotated GORC' proofs are built by extending GORC proofs with con-
sistent type information. More precisely, we use the following abstract syntax
to describe the structure of type-annotated GORC' proofs:

(II~¢p) 2= BT ~e" — L7
| RR~ X7 — X7
| (Hlf\ae?—>t71-1&...&Hn,\ﬁe;n_)t;FLn&H/,\ﬁcvbool&

17 s (1Fn =T )T = £7) +(OR) s (f7 =T 0 )7 — 47
Zf (f?n—»ﬁmgn' %Zn)ﬁmﬂf N TﬁmHT P Cbogl c [P]IA

| (I~ e]t — 17 & -+ & Ty, ~ el — t7) +(DC)
~s (h?m—n' é;m)T N (h?m—vr fjnm)’r
| (Il ~a"™ =t &Iy~ b" = t7) +(JN) ~ a” X b7
The notation [P]|T4 refers to the set of type-annotated (and possibly partial)

instances of defining rules from the well-typed program P. It can be defined
m two stages:
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e Due to Lemma 1, each rule (ft, — r < C o T) € P for a func-
tion with principal type f = T,, — T can be type-annotated to become
(=T8T — 1T <= CP°V (with implicit type environment T). Let
PTA be the set of all possible, principal type annotations of rules from
P, built in this way.

o Define [P]T4 as the set of all the type-annotated rule instances (I" —
1T <= CP°N)0, such that (I"” — 1™ < C®°Y) € PT4 and 0 = (0;,04) is
well-typed in the sense of Lemma 5.

All the expressions occurring within a type-annotated GORC proof are
supposed to be fully type-annotated in the way explained in Subsection 2.2.
Obviously, type-annotated GORC proofs always represent a well-typed com-
putation. Some GORC proofs, however, cannot be type-annotated. Consid-
ering again the well-typed program P from Example 2, we get:

Example 6 (Type Annotation of GORC Proofs)

(a) The GORC proof from Example 4 can be type-annotated. The type-
annotated version of the first line of the proof (somewhat abbreviated)
would look as follows:

(snd [a]l—p—p (tail [o]l—T[al [on] [a] ) [ad )6—>B
X
(snd [al—B—p (tail [al—[od [Y*] [al ) [a] )ﬁﬂﬁ

This is an instance of the principal type-annotation, chosen to enable a
consistent type-annotation of all the other statements occurring in the
proof. The principal type annotation, namely

(sndlol—=F—=F8 (ggi]leal—lal [Xo1] la1ly a1y =05
X
(snd a2l —B—p (tail [aa]—[2] [Yo2] [a2] ) [az] )ﬁﬂﬁ

would not allow a consistent type annotation of the second and third
lines of the proof. This is because the JN case in Definition 4 requires
t™ be the same type-annotated pattern in the two premises a” — t7
and b™ — t7.
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(b) On the other hand, the following GORC proof cannot be type-annotated,
because the only possible type-annotations of the lines 1, 2 and 3 are
not consistent with the requirements of Definition 4 in the JIN case.

1. snd (tail [z]) X snd (tail [true]) by JN, 2, 3
2. snd (tail [z]) — snd [] by DC, 4
3. snd (tail [true]) — snd [] by DC, 5
4. tail [z] — [] by OR, 6, 8
5. tail [true] — [] by OR, 7, 8
6. [z1 — [zI[]] by DC, 9, 8
7. [true] — [truel[]] by DC, 10, 8
8. [1 — [] by DC
9.z — z by DC
10. true — true by DC
3.2 Models

A logical semantics for CRWL programs has been presented in [19] for an
untyped HO language, and in [5] for a typed FO language with algebraic
datatypes. Here we combine both approaches, using models with a data
universe and a type universe. Let us recall some notions about posets, that
are needed for our data domains.

A poset with bottom L is any set S partially ordered by C, with least
element L. Def(S) denotes the set of all maximal elements u € S, also called
totally defined. Assume X C S. X is a directed set iff for all u,v € X there
exists w € X such that u,v C w. X is a cone iff L € X and X is downwards
closed w.r.t. C. X is an ideal iff X is a directed cone. We write C(S) (resp.
Z(S)) for the set consisting of all the subsets X C S which are cones (resp.
ideals) of S. Z(S) ordered by set inclusion C is a poset with bottom {1},
called the ideal completion of S. Mapping each u € S into the principal
ideal (u) = {v € S | v C u} gives an order preserving embedding. There
is a natural correspondence between the ideal completions of posets and a
popular class of semantic domains, called algebraic cpos [21]; more details
are given in [37, 18]. For our needs in this paper, the following intuitions
will suffice: the elements of a poset S represent finite approximations of
data values; defined elements in Def(S) represent totally computed finite
values of deterministic expressions; ideals in Z(.S) represent possibly infinite
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values of deterministic expressions; and cones in C(S) represent values of
non-deterministic expressions.

In the sequel we overload the symbol L to stand for the bottom ele-
ment of any poset, as well as for the syntactic | used in partial expressions.
Assume two posets with bottom D and E. To model deterministic resp.
non-deterministic functions, we define:

D —, El={f:D—C(E)|Vu,v/ € D: (uJu = f(u) C f(u))}
D~y E) = {f € (D — E] | Vu € D: f(u) € T(E)}

Given f € [D —, E]and X € C(D), we write f(X) to abbreviate (J,,o v f(u).
It is easily checked that f(X) € C(E). This fact will be implicitly used in

the sequel. As models for CRWL programs we use algebras of the following
kind.

Definition 5 (Algebras)
For any signature ¥ we consider algebras of the form

A - <DA, TA) @Aa :>A7 ::Aa {CA}CETC’7 {CA}CZZTEDC7 {fA}f::TEFS>
such that the following conditions hold:

1. The data universe D* is a poset, whose elements are called data in-
tensions.

2. The type universe T4 is a set, whose elements are called type inten-
sions.

3. The apply operation @A, that will be used in infix notation, belongs to
[DAx DA —,, DA and satisfies L@4v = (L) for allv € DA. For given
elements u; € DA, the notation “uy @4 uy Q4. .. Q4 " represents a
cone defined as (ug), if k = 0, and (ug @4 - -+ @A uy_) QA uy, if k > 0.

4. =>4 TAXTA = TA, that will be used in infix notation, interprets the
type constructor “—7.

5. A C DA x T4 interprets type membership. For each | € T4, the
extension of I, defined as EA(1) = {u € DA | u 4 I}, must be a cone
in DA,
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6. For each C € TC", CA: (TA" — TA (simply CA € T ifn = 0),
interprets the type constructor C.

7. For each c € DC™, ¢* € DA,
8. For each f € FS™, fA€ DA ifn >0, and f* € C(D?), ifn=0.

9. For all h,k such that h € DC", 0 < k<norhe FS",0<k<n, and
for alluy, ..., u, € DA there isv € DA such that hA @Ay, @4 . .. @A,
= (v). Moreover, if all the u; are mazimal then v is also maximal.

The elements of DA are called data intensions because they can be in-
terpreted as functions by means of the apply operation @4, but they are
not “true functions”. Analogously, the type intensions belonging to T are
interpreted as cones of data intensions by means of the membership relation
A but they are not “true sets”. Thanks to intensional semantics, one can
work in a HO language while avoiding undecidability problems, especially
undecidability of HO unification [17]. Variants of this idea have occurred
previously in some LP and equational LP languages, as e.g. in [7, 23, 22, 24].
The paper [7] presents an untyped HO LP language called HiLog, with in-
tensional semantics. In [23, 22, 24] one finds models and polymorphic type
systems for FO LP and equational LP, as well as a suggestion to simulate
HO programming by means of data intensions and user-defined apply pred-
icates. This goes back to a technique proposed by Warren [49]. In order to
well-type the apply predicates, type-generality of predicate definitions has
to be abandoned. Moreover, [23, 22, 24] require explicit type annotations in
terms, so that untyped expressions and programs have no semantic meaning.

To explain item 9 in Definition 5, let us abbreviate hA @4, @A ... @Ay,
as hA uy ... uy. This stands for the result of applying A to k arguments.
Therefore, item 9 requires that the application of a data constructors and the
partial application of a defined function to a number of arguments less than
its arity, must return a deterministic result, totally defined if the arguments
are. Given h € DC™ U FS™, we say that h* is deterministic iff A, ... u, is
an ideal for all uy,...,u, € DA. According to item 9, this is always the case
for cA, for any ¢ € DC™.

The technical requirements of Definition 5 are motivated by the properties
of a particular class of algebras, called Herbrand Algebras.
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Definition 6 (Herbrand Algebras)
Assume a type environment T with dom(T) = DVar. An algebra A is called
a Herbrand algebra over T' iff the following conditions are satisfied:

1. DA = Pat,, and TA = Type.
n=A7r=n—71,and C*(r,...,7) =CT... 7, for all C € TC™.
toATiff ThwptT, for allt € Pat, T € Type.
lL@At=X@*t= (1), forallt € Pat,, X € DVar.

t@A¢ = {(tt)), whenever (tt,) € Pat, .

=c, forallc € DC.

NS & e

fA=f, forall f € FS such that ar(f) > 0.

A valuation = (1,,14) over A is given by two mappings n,: TVar — T4
(the type valuation) and ny: DVar — D# (the data valuation). A valuation
n is totally defined iff ny(X) € Def (D*) for all X € DVar. We write Val(A)
resp. DefVal(A) for the set of all valuations resp. totally defined valuations
over A. The values of types and expressions in A under n are computed
recursively:

I = m(a), for a € Type.
o [(Cmi...7T)] n:C'A([[Tl]] Ny [T ]] n), for C € TC".

n = 7]y = [0 =4 [,

[
[
[
o [L]"n=(1).
[
[
[

X1 = (nu(X)), for X € DVar.
[*n = (A, for c e DC.

® |C

f]] n = {f4) if ar(f) > 0 and fA otherwise, for f € FS.
o [(ee)]™n = [e]"'n @4 [es]n.

Sometimes we write [e]*ng and [7]™n, for [e]*n and [7]*'n, respectively.
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Note that in the case of Herbrand algebras, valuations are the same as
substitutions. Some simple properties of evaluation are stated in the next
proposition, whose proof is sketched in the Appendix.

Proposition 2 (Basic Properties of Evaluation)
Assume T € Type, e € Fxp,, t € Paty and n € Val(A). Then:

1. [r]*n, € TA, and [e]*nq € C(DA).

2. If fA is deterministic for every f € FS occurring in e, then [[e]]And €
Z(DH).

3. [t]'na = (), for some v € DA. Moreover, if t € Pat is total and
n € DefVal(A), then v € Def (D*).

4. If A is a Herbrand algebra, then [T]]Ant = 71 and [[t]]And = (tny). O

Another basic result establishes a natural relationship between substitu-
tion and evaluation. We omit the straightforward proof by induction over
the syntactic structure of 7, e. Similar results can be found in [18, 5].

Lemma 10 (Substitution Lemma)
Consider a valuation n = (n,na) € Val(A) and a substitution o = (o1, 04).
Define another valuation no = (noy,nog) € Val(A) by the conditions:

o (noy)(@) = [ou(a)]'n; for all a € TVar.

o (n0g)(X) = v € DA such that [oy(X)]*na = (v) for all X € DVar;
note that v exists because of Proposition 2, item 3.

Then, [[Tat]]Ant = [[T]]A’I]Ut for every T € Type, and [eoq]"ng = [[e]]Anad for
every e € Fap, . O

Algebras and valuations are not always well-behaved w.r.t. types. The
following definition isolates the well-typed ones.

Definition 7 (Well-typed Algebras)

1. A waluation n = (n,na) over A is well-typed w.r.t. a type environment
T iff every X == 7 € T verifies that ng(X) € EA([7] n).

2. An algebra A is well-typed iff for every type valuation n;:
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(a) A e EA([r] ), for ¢ T € DC™.

(b) fA e EAr]™n,), for f 7€ FS™, n > 0.

(c) fACEA ), for f 7 e FS°.

(d) For all u,u; € DA, for all t,t; € TA: if u € EA(t; =4 t) and
uy € EA(ty) then u @A uy C EAH).

The next result, proved in the Appendix, guarantees that the evaluation
of well-typed expressions in well-typed algebras behaves as expected.

Proposition 3 (Well-typed Evaluation)

Assume a type environment T, a well-typed algebra A, and a valuation n €
Val(A) that is well-typed w.r.t. T. Then, for every e € Exp, such that
Ttwre T, one has [e]*ng C EA([r] n). O

In the rest of this section we prove the existence of least Herbrand models
for CRWL programs. The notion of model, borrowed from [19], does not
depend on the type system.

Definition 8 (Models)
Given an algebra A and a program P, we define:

1. A salisfies an approzimation statement e — t under n € Val(A) iff
A A
[e]"n 2 [t]"n.

2. A satisfies a condition C under n € Val(A
there is some totally defined element v € [a]

iff for every a X b e C
n 0 [B]"n.

3. A satisfies a rewrite rule (I — r < C o T) iff [[["'n 2 [r]"'n holds for
every n € Val(A) such that A satisfies C' under n.

)

4. A is a model of P iff A satisfies all the rewrite rules belonging to P.

Note that neither 7, nor the type environments attached to rewrite rules
are needed in the previous definition. Therefore, untyped programs can also
have models. In the sequel, we write (A,7n) F ¢ (where ¢ maybe an ap-
proximation statement or a joinability statement) to note that A satisfies ¢
under 7, and we write A F P to note that A is a model of P. We are mainly
interested in least Herbrand models, that are defined as follows:
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Definition 9 (Least Herbrand Models)

Assume a program P and a type environment T' such that dom(T) = DVar.
The least Herbrand model of P over T, noted as Mp(T), is the unique
Herbrand algebra over T' that satisfies the two following requirements:

1. ft,_1@MP(MD¢ = Lt € Paty | PFgore fn — t}, for f € FS™, n > 0.
2. fMP(T) = {t € Pat| ‘ P Fcore f — t}, for f € FS°.

By inspecting Definitions 5, 6 and 9, it can be checked that Mp(T) is
well defined, and such that the following condition holds for any f € FS"
and arbitrary patterns ti,...,t, € Paty: fMPM %, = {t € Paty | P Fgorc
f t, — t}. More precisely, the essential properties of Mp(T) are given by
the next two lemmata, whose proofs can be found in the Appendix.

Lemma 11 (Least Herbrand Models are Well Defined)
Assume a CRWL program P and the type environment T such that dom(T') =
DVar. Then:

1. Mp(T) is a well-defined Herbrand algebra, in the sense of Definitions 5,
6.

2. Moreover, if P is well-typed, then Mp(T) is also well-typed. O

Lemma 12 (Characterization Lemma)
Consider a least Herbrand model Mp(T') and o4 € DSub, , which serves as
a valuation over Mp(T). Then:

1. For every e € Eap, : [e]" Doy = {t € Pat. | P Foorc eoq — t}
2. For every approximation or joinability statement p:

(Mp(T),04) F ¢ <= P Fgorc poa. O

According to item 2 from Lemma 11, Mp(T) is well-typed whenever P is
well-typed. The proof of this fact relies essentially on the subject reduction
property of GORC, given by Theorem 2. According to Lemma 12, semantic
validity in Mp(T") behaves the same as derivability in GORC. This allows
to prove the next theorem, which is the main result in this section.
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Theorem 3 (Canonicity of Least Herbrand Models)
Mp(T) E P holds for any program P, and for every approzimation or join-
ability statement ¢ the three following conditions are equivalent:

1. P Fgorc -
2. (A,n) E o, for all AE P and alln € DefVal(A).
3. (Mp(T),id) E . 0

A full proof of this theorem is given in the Appendix. The equivalence
of items 1 and 2 shows that GORC is sound and complete for deriving those
statements which hold in all models of a given program P under all possi-
ble totally defined valuations. The result cannot be weakened to arbitrary
valuations, as shown by the statement X X X. Moreover, item 3 character-
izes those statements in terms of truth in Mp(7T). Therefore, the canonic
model Mp(T') can be viewed as the logical semantics of P, in analogy to
the least Herbrand model of a LP program over a Herbrand universe with
variables [14, 3]. Least Herbrand models of FO CRWL programs can be also
characterized as least fixpoints and as free objects in a category of models
[36, 18, 5]. These results could be extended to the present HO setting, but
we will not dwell on this issue.

4 A Lazy Narrowing Calculus for Goal
Solving

In this section we extend the untyped lazy narrowing calculus CLNC from
[19] to prevent type errors at run time. Other existing narrowing calculi,
as e.g. [42, 44, 45, 25, 48, 33|, can be used as a basis for the goal solving
mechanism of a HO FLP language. With the exception of [42], all these
approaches deal with simply-typed A-terms, which give rise to undecidable
unification problems in the general case [17]. The calculus in [42] is designed
for an untyped, A-free setting, similarly to our former approach in [19]. The
main novelty of the present approach is the treatment of polymorphic types in
the context of a HO FLP language which avoids the complications related to
general HO unification of A-terms. As argued in [47], artificial incompleteness
problems in narrowing calculi often arise due to an improper choice of the
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semantics. This is not the case for our logical semantics from Section 3, which
has been chosen to reflect the computational behaviour of lazy functions.

We recall that initial goals G for CLNC are finite systems of joinability
statements a X b. A correct solution for such a G is any total data sub-
stitution 6 such that P Fgorc ady X b0, for all a X b € G. Soundness
and completeness of CLNC, as proved for untyped programs in [19], remain
valid for well-typed programs. In the typed setting, however, one would like
to avoid the computation of ill-typed answers, whenever the program and
the initial goal are well-typed. Unfortunately, there are problematic situa-
tions where run time type errors can occur in CLNC. A first kind of problem
arises when a HO logic variable F' occurs as head in some flexible expres-
sion (F'€,,). In CLNC there are special transformations to guess a suitable
pattern ¢t as binding for F' in such cases, and sometimes t €,, may become
ill-typed. For instance, given the well-typed goal FX X true, CLNC can
guess the binding F +— plus z, leading to an ill-typed goal and eventually
to the ill-typed solution {F +— plusz, X — true}. As a second example,
consider map F [true,X] X [Y,false]. This is also a well-typed goal, but
CLNC can compute an ill-typed solution represented by the set of bindings
{F — plus z, X — false, Y — true}.

A second kind of problematic situation is related to statements h @,, X
h b,,, joining two rigid and passive expressions. In CLNC a decomposition
transformation reduces such condition to a system of simpler conditions
a; X b;. We say that such a decomposition step is transparent iff h is m-
transparent and opaque otherwise. In the case of an opaque decomposition
step, some of the new conditions a; X b; may become ill-typed. Consider
for instance the two well-typed goals snd true X snd z and snd (maps [])
X snd (mapnot []). Both of them become ill-typed after a decomposition
step. In the first case the goal is unsolvable, while in the second case the
computation ultimately succeeds, in spite of the type error. Opaque decom-
position steps are also possible for approximation statements h @,, — h t,,.
Moreover, guessing a binding for a logic variable F' which occurs as head in
a flexible expression (F'€,,), can subsequently give rise to opaque decompo-
sition.

Unfortunately, avoiding opaque decomposition is not easy, because its
eventual occurrence is undecidable, even for reasonably simple programs and
goals. A proof of this result, as well as a brief discussion on the harmfulness
of opaque decompositions from a practical viewpoint, can be found in Sub-
section 4.2 below. The other source of type errors described above, namely
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the computation of ill-typed bindings logic variables, is a well-known prob-
lem. It can arise in the case of HO logic variables, and sometimes also in
the case of FO logic variables (for programs which allow subtyping or do not
impose transparency and type-generality requirements). Different solutions
have been proposed, some of which are summarized below.

As shown in [23, 22, 24] for the case of FO typed SLD resolution and
FO typed narrowing, respectively, a goal solving procedure that works with
fully type-annotated goals can detect ill-typed bindings at run time, since
they cause failure at the level of type unification. For instance, when trying
to solve the type-annotated goal (Fa—Peol x®)bool i truePo°! the ill-typed
binding Fo P! 1 (plughat—nat—nat gnatynat—mnat woyld be prevented by a
failure of type unification. Another possibility is to embed ad hoc mechanisms
at a lower implementation level to take care of type unification problems at
run time in an efficient way, as proposed in [31] for implementing polymorphic
typing in the HO logic language A-Prolog [40]. In the particular case of
monomorphically typed programs, the problem is easier to solve, because no
type unification is needed. In this vein, a recent paper [1] proposes a Warren-
like [49] type-preserving translation of HO programs into FO programs in a
monomorphic FLP setting. This technique is useful to prune the search space
and to ensure well-typed computations without dynamic type checking, but
it fails to handle goals with polymorphic function-typed variables.

Full type annotations have the disadvantage that goal solving becomes
more complex and less efficient, also for those computations that do not
need any dynamic type checking. Therefore, some optimization techniques
were proposed in [23, 22, 24] to alleviate this difficulty. Our aim here is to
adopt a less costly solution to extend CLNC with dynamic type checking,
avoiding type-annotations. We use goals G similar to those from [19], but
extended with a type environment 7', and the notion of solution will be also
extended so that solutions can provide bindings both for the data variables
occurring in GG and for the type variables occurring in 7. Those CLNC
transformations that must compute a binding ¢ for some HO variable F'
will perform dynamic type checking, using type unification to ensure that
the type of t is compatible with T(F). The CLNC transformations not
related to HO variable bindings will perform no dynamic type checking. In
case of a computation that involves no functional application of HO logic
variables, the only overhead w.r.t. untyped CLNC consists in maintaining
the type environment 7' of the current goals, which of course evolves along
the computation. This is not too costly, because all the type assumptions
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needed for T" can be taken from the type environment of the initial goal and
the type environments of the rewrite rules in the program, which are known
in advance.

In the rest of this section we develop these ideas and we investigate the
soundness, completeness and type preservation properties of the resulting
lazy narrowing calculus. Since the eventual occurrence of opaque decom-
position during a CLNC computation is undecidable, our soundness result
guarantees a well-typed computed answer only under the assumption that
no opaque decomposition steps have occurred in the computation. On the
other hand, our completeness result only ensures the well-typed computation

of those solutions whose correctness is witnessed by some type-annotated
GORC proof.

4.1 Admissible Goals and Solutions

The lazy narrowing calculus CLNC from [19] works with goals that include
both joinability statements a X b to be solved and approximation statements
e — t to represent delayed unifications, introduced by lazy narrowing steps.
Moreover, goals in G include a solved part to represent the answer data
substitution computed so far, and they satisfy a number of goal invariants.
Here we must extend this class of goals, adding a type environment and a
second solved part to represent an answer type substitution. Those (data and
type) variables of a goal that have been introduced locally by previous CLNC
steps will be viewed as existential. For technical convenience, in the rest of
the paper we assume a countable set of existential variables, and we use the
notation (I — r <= C 0 T) €,4 P to indicate that (| - r < C o T)isa
renaming of some defining rule from P, using fresh existential type variables
in T" and fresh existential data variables in the rewrite rule. We also write
a = b for any one of the conditions a X b or b X a. The formal definition of
goal follows. More motivation and explanations can be found in [18, 47] for
the untyped FO case.

Definition 10 (Admissible Goals)
Admissible goals have the form G =P o C o S; o S, o T, where:

1. The delayed part P = e; — ty,...,e. — tg 18 a multiset of approxi-
mation statements, with e; € Exp, t; € Pat. The set of produced data
variables of G is defined as pvar(P) = var(t;) U---Uwvar(ty), and the
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production relation is defined over var(G) by the condition X >p Y
iff there is some 1 < i < k such that X € var(e;) andY € var(t;).

2. The unsolved part C' = ay M by, ..., a; X by is a multiset of joinability
statements. The set of demanded data variables of G is defined as
ddvar(C) ={X € DVar| X &, < be C, for some €,,b}.

3. The data solved part Sy = { X7 =~ s1,..., X,, = s, } is a set of equations
in solved form, such that each s; € Pat and each X; occurs exactly once
in P o C a Sy We write o4 for mgu(Sy).

4. The type solved part S; = {a1 = 7,...,qpm = Ty} is a set of type
equations in solved form, such that each 1; € Type and each «; occurs
exactly once in G. We write o, for mgu(Sy).

5. T ={Xy = m,...,X, 2 7,} is called the type environment of G. We
assume that var(P o C o Sq) C {Xy,...,X,} = dom(T).

6. G must fulfill the following conditions, called goal invariants:

LN The tuple (t1,...,tg) is linear.
EX All produced data variables are existential.
NC The transitive closure of the production relation > p s irreflexive.

SL No produced variable enters the solved part: var(Sy) N pvar(P) =
0.

Note that any admissible goal verifies (P 0 C)og = (P 0 C) and To;, =
T, because of the requirements in items 3 and 4 above. By convention, initial
goals are of the form Go =0 o C o () o () o Ty, and include no existential
variables.

For typing purposes, goals can be viewed as “expressions” built from
variables, symbols in the current signature and binary “operations” (X),
(—), (=) of type & — a — bool and (,) of type bool — bool — bool,
used in infix notation. We say that a goal G =P o C o S; o S; o T is
well-typed iff there is some T < T" such that 7" Fyr (P,C,S,) :: bool. In
addition, G is called type-closed iff T itself can be taken as T'. More formally:

Definition 11 (Well-typed Goals)
Consider an admissible goal G = P o C o S; o Sy a T and assume
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TR(T,(P,C,Sy)) = (—, E), where TR 1is the type reconstruction algorithm
from Subsection 2.2.

1. G is called well-typed iff TSol(E) # 0. If this is the case, we write
o =mgu(Sy, E), T =Té, andG=P o C o Sy o S oT.

2. A well-typed goal G is called type-closed iff T' = T. In the case that G
1s well-typed, but not type-closed, G is called the type closure of G.

Note that a well-typed goal is not always type-closed, as shown next.

Example 7 (Type-closure of a Well-typed Goal)

1. A well-typed goal which is not type-closed:
G=0oFXXtrueo@o®Do{X:a,F:a—al

2. Its type-closure:
G=0oFXXtrueo ) o axbool 0 {X :: ay, F :: ay — bool}.

The following technical lemma gives a useful characterization of well-
typed goals. A proof is included in the Appendix.

Lemma 13 (Characterization of Well-typed Goals)
For any admissible goal G = P o C' o Sq o S; a T, the three following
conditions are equivalent:

(a) G is well-typed.
(b) There is some T <T" such that T' -y (P,C,Sy) :: bool.
(c) There is some T < T" such that

cl) For every (e — t) € P there is some type T such that T’ wT € 0T
) yp )
T’ wWT t:T.

(c2) For every (a X b) € C there is some type T such that T Fwra :: T,
T bFwrb:T.

(c3) For every (X ~t) € Sy, T'Fwrt:: 1, where T = T'(X).

Moreover, T can be always chosen as T, if it exists. a
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In the sequel, the notation 7'y G will abbreviate Ty (P, C,Sy) =
bool. According to Lemma 13, this indicates that G is well-typed and type-
closed. Similarly, the abbreviation T Fwr G can be used to indicate that G
is a well-typed goal.

Next, we define solutions of admissible goals. According to our definition,
solutions are proved to be correct by means of certain GORC proofs, called
witnesses.

Definition 12 (Solutions and Well-typed Solutions)
Let G=P o Ca Sy oS ol bean admissible goal for a program P.

1. A solution of G is any data substitution 6, € DSub, satisfying the
following conditions:
(a) 04(X) is a total pattern, for all X € dom(6,) \ pvar(P).
(b) 64 € Sol(Sy).
(c) Pltgorc (P O C)by, intended to mean that P Fcorc p0q must
hold for all p € PUC.

2. We write Sol(G) for the set of all the solutions of G. Any multiset
M containing one GORC proof for each statement 8y, p € PUC, is
called a witness for 4 € Sol(G).

3. A well-typed solution of G is any pair (R, 0) formed by a type environ-
ment R and a substitution 0 = (0;,0,4) such that
(a) 84 € Sol(G).
(b) dom(R) C ran(6,) \ dom(T).
(C) Qt € TSO[(St)
(d) (TO;UR) by T, intended to mean that (TO,UR) bwr X04 :: 76,
must hold for all (X = 7)€ T.

4. We write WTSol(G) for the set of all the well-typed solutions of G. A
witness for (R, 0) is defined simply as a witness for 0 € Sol(G).

Items 1 and 2 in the previous definition correspond essentially to our
former notion of solution in the untyped setting from [19]. The role of the
type environment R in well-typed solutions is to provide type assumptions
for the new data variables introduced in ran(fy); see item 3 in the definition.
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Of course, ill-typed goals can have solutions, in the sense of items 1 and
2. More strangely perhaps, some ill-typed goals have well-typed solutions.
For example R = 0, 6; = () and 6; = 0 give a well-typed solution for the
ill-typed goal G =0 o tail [z] X tail [true]l o 0 o 0 o 0.

In the case of well-typed solutions of well-typed goals, one expects the
goal to remain well-typed when the solution is applied to it. As shown by
the next lemma (proved in the Appendix) this can be guaranteed only for
type-closed goals.

Lemma 14 (Well-typed Solutions and Type-closure)

1. For any well-typed goal G, WTSol(G) € WTSol(G). The opposite
inclusion is false in general.

2. Assume a well-typed and type-closed goal G and (R,0) € WTSol(G).
Then (T0; U R) Fwr GO4. In particular, for all (a X b) € C there is
some 7' € Type such that (T0; U R) Fwr aby = 7" and (T6; U R) Fwr
b0y :: 7' (and analogously for (e — t) € P and (X ~t) € Sy). These
claims can fail if G is not type-closed. a

In view of the previous lemma, we restrict our attention to well-typed
solutions of well-typed and type-closed goals. We are also interested in type-
annotated witnesses for such solutions, in the sense of the following definition:

Definition 13 (Type-annotated Witness)

Assume a well-typed and type-closed goal G =P o C o S; 0 S; a T fora
well-typed program P. A type-annotated witness of (R,0) € WTSol(G), if it
exists, is obtained by considering the principal type annotation (P o C)b°°!
with implicit type environment T, and taking a multiset M of type-annotated
GORC proofs for the type-annotated statement in (P o C)*°°'0. Note that
the type-annotated “expression” (P o C')*°°*0 makes sense because of Lemma
5, and has implicit type environment T0, U R.

In the sequel, we write TASol(G) for the set of all (R,0) € WTSol(G)
which have a type-annotated witness. Trivially, TASol(G) C WTSol(G).
However, the inclusion is strict, as shown by the next example.
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Example 8 (Type-annotated Witness)
Consider:

G =0 o snd (tail [X]) X snd (tail [Y]) o 0 o 0 o
{X g, Yt

R =10, 6, = {a; — nat,ay — bool} and 6; = {X+— z,Y — true}. Note
that G is well-typed and type-closed, and (R, 6) € WTSol(G). However, no
type-annotated witness exists due to Example 6(b).

As we will see in the next subsection, maintaining type-closed goals dur-
ing CLNC computations would be as expensive as working with fully type-
annotated goals. Therefore, CLNC is designed to avoid the computation of
type closures whenever possible.

4.2 Lazy Narrowing Calculus

Now we are ready to extend the lazy narrowing calculus CLNC from [19] with
dynamic type checking. We keep CLNC as the name of the new calculus. As
in [19], the notation G H-¢rne G’ means that G is transformed into G’ in one
step. The aim when using CLNC is to transform a well-typed, type-closed
initial goal Go =0 o C o ) o 0 o T, into a well-typed solved goal G,, =
Po0dosS,ods oTl,wihtypeclosure G, =0 o0 oS, oS, oT,, and
to return (7,6, \ To0y, (64, 04)) as the answer computed for Go. A sequence of
transformation steps Go H-crne - - - Hove G going from an initial goal Gy
to a solved goal G,,, is called CLNC derivation and noted as Go Hpne G-
Due to Lemma 14, it is relevant to assume type-closedness for the initial goal
G and to compute the type closure of the final goal G, before extracting the
computed answer. Some intermediate goals G; may be not type-closed, but
nevertheless they stand for their closures G, for the purpose of considering
potential solutions. The need to include the type environments (7,6, \ Tod:)
as part of computed answers will be justified in Subsection 4.3.

Due to the convention that P and C' are understood as multisets, CLNC
assumes no particular selection strategy for choosing the goal statement to
be processed in the next step. For writing failure rules we use FAIL, rep-
resenting an irreducible inconsistent goal. We also use some hopefully self-
explanatory abbreviations for tuples. In particular, @,, X b, stands for m
new joinability statements a; X b;, and similarly for approximation state-
ments. According to the notations introduced in Definition 10, CLNC rules
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rely on the convention that Sj is the set of type equations in solved form rep-
resenting the unifier o;. Moreover, some CLNC rules use the notation “[---]”
meaning an optional part of a goal, present only under certain conditions.
Some other rules refer to the set svar(e) of those data variables that occur
in e at some position outside the scope of evaluable function calls. Formally,
svar(X) = {X} for any data variable X; for a rigid and passive expression
e = hey, svar(e) = J-, svar(e;); and svar(e) = () in any other case.

In spite of their complex appearance, CLNC transformation rules are
natural in the sense that they are designed to guess the shape of GORC
derivations step by step. For instance, the transformations NR1 and GN
guess the shape of OR steps in GORC proofs. As a lazy narrowing calculus,
CLNC emulates suspensions and sharing by means of the approximation
statements in the delayed part of goals. This and other interesting features
regarding occurs check and safe cases for eager variable elimination, have
been discussed briefly in [19] for the untyped HO case, and more widely
in [18, 47] for the untyped FO case. Here we focus on the treatment of
dynamic type checking. Each CLNC transformation has attached certain
side conditions, labelled with the symbols e, * and o, that must be checked
before applying the transformation to the current goal G. In particular, those
CLNC transformations whose name is marked with Y have a side condition
of type o that performs dynamic type checking. In all such cases, there is a
candidate binding X ~ ¢ for some HO variable X. The type T'(X) assumed
for X in the current goal’s environment is compared to the principal type of
t by means of type unification. In case of success, the type solved part of the
goal is properly actualized, and the CLNC step can be performed. In case
of failure, the CLNC step is forbidden for the particular binding X — ¢. Of
course, this does not exclude the possibility to try a different application of
the same CLNC transformation, with a different binding.

The CLNC Calculus
Rules for the Unsolved Part

Identity & Decomposition (ID) % (p > 0)

PoXa,=<Xb, CoS;oSoT
H (Poa,=<b, CoSylps, X~hV,] oS o (Va:Tnl, To;
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o X ¢ pvar(P).

op=0and S, = S;or[p>0, m>0,hV,a,rigid and passive; V,,
fresh existential variables; o; = mgu(S;, 7 ~ 7') where 7 = T(X),
h:Tm— T Epar 2.

 pg ={X = hVy}]

Decomposition (DC1)

PohG,=hb, CoS;,oSaTl
H POoG,=<b, CoS;08oTl

e hd,,, hb, rigid and passive.

Binding & Decomposition (BD) % (k > 0)

PoXa,=<sb,,CoS,08 oT
H (Poay=by, C 0O S)ps, X~so S olo

e s € Pat; X ¢ var(s); X ¢ pvar(P); var(s) N pvar(P) = .
x pg = {X — s}.

o k=0and S} = S;ork >0, sby, rigid and passive, and o, = mgu(S‘t, TR
7') where 7 = T'(X), 7' type-annotation of s in PA(T, s by).

Imitation & Decomposition (IM) % (k > 0)

PoXa,=<he,b, Co S;,08, aT
H (PaoVpay=<enbs, C 0 Sy)ps, X~hV, o8 o
(Vi 2 Ty T) o
e h e, b rigid and passive; X ¢ pvar(P); X ¢ svar(hey); V,, fresh
existential variables; BD not applicable.
* pd:{X’_)th}'

o k=0and S, = S;; or k > 0 and o, = mgu(S;, 7 ~ 7') where 7' = T(X),
hTwm — T Epar 2.
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Outer Narrowing (NR1) (k > 0)

Pofe,aq=xbCoS;ao8 ol
- e, —ty, Pol,ray=<bCoSyoSal,T

o (ft,—r<C oT) € P.
Guess & Outer Narrowing (GN) % (k> 0)

PoXea,=<xb,CoS;oS85 aT
H (e, —3, PoC' ra,=xb C o Syps, X~ ft, 0S5 O
(1", T)o;
e ¢>0; X ¢pvar(P); (ft,5, >r<C" O T') Epa P.
* pg ={X — f1,}.
o Uf = mgu(gt, T~ Xq — 1) where (f = 7, — Xq — T) €Epar 2, T =

T(X).
Guess & Decomposition (GD) %

PoXa,=xYb,CoS;oS ol
H (PO Vi@ < Wiy by, C O Si)pa, X = hV ey,
YR h W0 S0 Vop Ty Woneq 5 gy, T,
e p+q > 0; X, Y different; X, Y & pvar(P); Vn—ps Won_, fresh existential
variables; (h V,,—p, @,), (h W,_, b,) rigid and passive.
* Pg = {X — hvm_p,y — th_q}.

oa, = mgu(Sy, 7 ~ N, — 7, 7" ~ Ny, — 7{) where 7 = T(X),
™ =TW), (h: Ty = Np = 7)), (b Ty = Ny = 7)) €var 2,

two fresh variants of the principal type of h, sharing no type variables.

Conflict (CF1)
Poha,=<hb,CoS;08 oT H FAIL

e h# N or p#q; ha,, W b, rigid and passive.

43



Cycle (CY)
PoXx=xaq, CoS;oS oT H FAIL

e X #aand X € svar(a).

Rules for the Delayed Part

Decomposition (DC2)

he, — ht,, PoCoS;oS oT
- €e,—tn, PoCoS;,oS, oT

e he,, rigid and passive.

Output Binding & Decomposition (OB) % (k > 0)

Xe,—ht,s, PoCoS;oS8 oT
H- (ex — 5k, P 0 C O Sy)pg, [X =hity, oS, O TO’;

o [X ¢ pvar(P).]

x pg =4{X — hiy,}

o k=0and S, =S;or k> 0and o, = mgu(Sy, 7 ~ 7') where 7' = T'(X),
(hTm —T) Epar 2.

Input Binding (IB)

t— X, PoCoS;,aoSoT
H (PoCpsoS;osS aoT

e t € Pat.
x pg = {X — t}.

Input Imitation (IIM)

he,— X, PoCoS;oS ol
= Em =V, PoCOpgo SqgoSia (Vyo7w), T
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e he, ¢ Patrigid and passive; X € ddvar(C); V,, fresh existential
variables.

* pd:{X’_)th}'
o (h:Tm—T) Epar 2.

Elimination (EL)

e—-X,PoCosS,0S5aT
H PoCoS;oS ol

o X ¢ wvar(P o C).
Outer Narrowing (NR2) (k> 0)

fe,a,—t, PaoCoS;,aS aoT
- e, =ty ra,—t, PoC,CoS;oS ol T

e (t¢ DVarort e ddvar(C)); (ft, —r<=C' o T') € P.
Output Guess & Outer Narrowing (OGN) % (k > 0)

Xea,—t, PoCoS, oS oT
H (e, =S, rax—t, PoC' CoSyps [X=~ft)] oS o
(7", T)oy
e q>0; [X ¢ pvar(P)]; (ft,5, > r <= C' O0T) €y P; t ¢ DVaror
t € ddvar(C).
* pa={X — f1,}.

Output Guess & Decomposition (OGD) %

Xe, =Y, PoCoS, oS5 ol
H (¢,— W, PoCoSyps [X~hV,) oS o

(V) Tp, Wq i A, T,

e ¢>0;Y € ddvar(C); [X ¢ pvar(P)]; V,,, W, fresh existential variables;
(hV, W,) rigid and passive.
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x pg ={X —hV, Y= (hV,W,)}.

o gy = mgu(Sy, 7 = A\, = 7, 7" &~ 1) where (h 2T, = Ay = T) €Epar 2,

T =T(X), ™" =T().
Conflict (CF2)
ha,—ht, PoCoS;,oS oT H FAIL
e h# h' or p # q; ha, rigid and passive.

There is a simple relationship between the current presentation of CLNC
and the untyped version from [19]. Dropping S; 0 T from our current goals,
and omitting all the side conditions which refer to types in our current CLNC
transformations, gives back essentially the untyped goals and the CLNC
transformations from [19], except for some minor modifications which we
found convenient to introduce while working out the present soundness and
completeness results. Due to this fact, the soundness and completeness re-
sults given for untyped CLNC in [19] are still valid in our present setting,
with respect to “forgetful” CLNC derivations which omit dynamic checking.
Of course, we are presently not interested in such untyped derivations, and
the current CLNC transformations are intended for well-typed goals. More-
over, the CLNC transformations marked with % must be applied to the type
closure G of the current goal G, rather than to G itself, in the case that G is
not type-closed. For this reason, the formulation of the % transformations
uses Sy and 7', rather than S, and T, for building the transformed goal. This
caution is very important, because several CLNC transformations do not
preserve type-closedness of goals, and the type environment in a type-closed
goal bears more precise information in general. Therefore, for goals G # G,
the direct application of % to G may leave some type errors undetected. In
the case of CLNC derivations involving no functional applications of HO logic
variables, ¥ transformations are never applied, and the costly computation
of type closures can be avoided.

Note that even the ¥ transformations do not perform dynamic type
checking in some cases, as indicated in their formulation. For instance, ID
in the case p = 0 simply eliminates an identity X X X from the current goal.
Similar comments apply to BD, IM and OB in the case k = 0.

At this point, we can prove that the detection of eventual opaque decom-
position in CLNC computations is an undecidable problem. More precisely,
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let us define the Opaque Decomposition Problem (ODP, for short) as follows:
given a well-typed CRWL program P and a well-typed and type-closed initial
goal G for P, tell if solving G w.r.t. P by using CLNC can eventually lead to
an opaque decomposition step. The next theorem, proved in the Appendix,
shows that the restriction of ODP to a quite simple class of programs and
goals is undecidable.

Theorem 4 (Undecidability of ODP)

Let us say that a CRWL program P is simple iff all the defining rules in P
are unconditional and have data terms as patterns in their left-hand sides.
Analogously, let us consider simple initial goals of the form O o ft, X
95, 00 o0 o0, where f € FS", g € FS™ and t;, s; are closed data
terms. Then, the restriction of ODP to simple programs and simple initial
goals is undecidable. O

Note that Theorem 4 does not mean that CLNC is useless for the pur-
pose of avoiding ill-typed computations. Type errors due to ill-typed bind-
ings of HO logic variables are always avoided. Regarding type errors due
to opaque decompositions, our feeling is that they occur rarely in practice.
Obviously, the opaque decomposition problem cannot arise in FO CRWL
programs, where transparent data terms are always used in place of possibly
opaque patterns. In fact, type preservation results for lazy narrowing com-
putations in such a setting are known [5, 4]. Beyond the FO case (which
includes, of course, FO logic programming) opaque decompositions are pos-
sible, but sometimes they do not cause any type errors. We conjecture that
the impossibility of run-time type errors due to opaque decomposition can
be formally proved for a restricted subclass of HO CRWL programs and
goals. More precisely, we have in mind the class of simple (but possible
higher-order) programs used in the proof of Theorem 4, and goals of the
form@ oceX R o0 ol o{R: 7} where e is a closed expression of type
7. This essentially corresponds to pure functional programming.

To investigate the previous conjecture is beyond the scope of this paper.
In any case, an actual implementation of CLNC could (and should) raise a
warning to the user whenever some opaque decomposition step has occurred
during the computation. This may (but not must) indicate a run time type
error.

The soundness and completeness of CLNC are investigated in subsec-
tion 4.3. In the rest of this subsection we illustrate the behaviour of CLNC
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by means of examples, all of them using well-typed functions defined in the
program from Example 2. Some of the examples present a complete CLNC
derivation. In such cases, the initial goal is always well-typed and type-
closed, and the part of the current goal which is transformed at each step is
underlined.

Our first example shows that type-closedness of goals is not invariant
under CLNC transformations. It can be lost because of an opaque decom-
position step, as in item (a), or also because of a narrowing step, as in item
(b). In the derivation (b), the new goal is not type closed because the prin-
cipal type of the defined function head (introduced by the narrowing step)
has not been unified with the type expected by the goal’s environment. In
both cases, the final solved goal must be type-closed before extracting the
computed answer, which would be not a well-typed solution otherwise.

Example 9 (Type-closedness of Goals is not CLNC Invariant)
(a) Opaque Decomposition
Go=0osndXXsndYololo{X:a Y0} Hpcar
Gi=0oXXYololo{X:a Y3} Hep
Go=0o0oX~Yolo{X:a Y[} #
Go=0o0oX~Yoa~go{XY:g}

Computed answer, restricted to variables in Gj:
@, {a = 8} {X = Y})).
(b) Outer Narrowing
Go=0oheadLXHO Qo @ o{l:[al, H:a} HnNri
Gi=L—XIXs] oXXHo 0 oo
{L:lal,H:a, Xs:: [A], X B} Hos
Go=0oXXHoL~ [XIXs] o0 o
- {L:lal,H:a, Xs:: [B], X8} HBD
Gi=0o(0oL~I[HIXs],X~Ho (o
{L:lal,H:a, Xs:: [], X8} #
Gi=0o0oL~[HIXs], X~HO B~a O
{L:lal,H:a, Xs:: [a], X a}
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Computed answer, restricted to variables in G:
({Xs:: [al}, (0,{L — [HIXs]})).

Our second example shows a complete CLNC derivation where no HO
variables occur and no dynamic type checking is needed.

Example 10 (A Well-typed Computation without Dynamic Type
Checking)

Go=10 o0 map (plusX) [YIX [sz] o0 D o0 o {X,Y::nat} Hnr:

(plusX) — F, [YI[]] — [X1|X1s] o [FX1|mapFX1s] X [sz] O
oo {XY:nat; X1s: [al; X1 2 a; Fiia— 8} Hispe2

Y — X1, [] — X1s O [(plusX) X1|map (plus X) X1s] X [sz] o 0
00 o {X,Y:nat; X1s: [al; X1 o; Fiia— ()} Hyge

0 o [plusXYlmap (plusX) [11 X [szI[11 o P oo
{X,Y::nat; X1s = [al; X1 a; F::ao— 8} Hoper

) o plusXYX sz, map (plusX) [IX [1 o0 ol o
{X,Y:nat; Xis = [al; X1 a; Fiia— )} HNR1

X— (sX2),Y—Y2 0O s (plusX2Y2) X sz, map (plusX) [] X []
o0 o0o{XY,X2,Y2:nat; X1s:: [al; X1 = o; Fiia — [}

H-oB,1B
) o s(plusX2Y) X sz map (plus (sX2)) [I X [] oX~sX2 0O

0 o {X,Y,X2,Y2::nat; X1s:: [a]; X1 = a; F::a — B} Hper
) O plusX2Y Xz map (plus (sX2)) [IX [J] oX~sX2 00 O
{X,Y,X2,Y2 : nat; Xis :: [al; X1 = o; F v — B} H-nNm1
X2 -2z, Y—Y3 0 Y3Xz map (plus (sX2)) [I X [] o X~sX2
o0 o {X,Y,X2,Y2,Y3 : nat; X1s :: [a]; X1 2 a; F oo — [}

H-oB,1B
) oYXzmap (plus (sz)) [IX[J]oX~sz X2~z0oO( O

{X,Y,X2,Y2,Y3 :: nat; X1s :: [a]; X1 = ; F:aa — 8} HBD
() o0 map (plus (sz) [IX[J]OoX~sz X2~z Yrz0O(O
{X,Y,X2,Y2,Y3 : nat; Xis :: [a]; X1 = o; F v — B} H-nNr1
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(plus (s2)) —-F1, [1] =[] o [lX[]J]oX~xsz X2=xz Yxz
o0 o {Xis: [a]; X,Y,X2,Y2,Y3 :nat; X1 = a; Fiao— 5

Fl: oy — 01} Hispe2per
loloXwxsz X2~z Yxz0o o {XY,X2,Y2 Y3 :: nat;

Xis = [0]; X1 Fra— B3 Flooy — B =G, =G,

Computed answer, restricted to variables in Gg:
0, (0,{X— sz,Y— z})).

Finally, we present a series of examples designed to show that the dynamic
type checking side conditions embodied in CLNC are really needed. There
is a different example for each of the eight transformations marked with J,
which can perform dynamic type checking. All the examples show that type
errors can occur if dynamic type checking is omitted, or applied to a goal
which is not type-closed. Some of the % marked CLNC transformations are
such that a type error caused by opaque decompositions can escape from
dynamic type checking. The examples do also illustrate these situations.

Example 11 (CLNC Transformation ID)

1. Type-closure and dynamic checking are necessary. Consider G # G,
given as:

G=0oXYXX@otZ)ololo{X:a—05Y:a, Z:7}
G=0oXYXZX(notz) o0 oa=bool,y~ bool O
{X :: bool — (3, Y :: bool, Z :: bool}

Dynamic type checking prevents the application of ID to G with bind-
ing {X — twice}, since T(X) = bool — £, twice :: (a/ — /) — &’
— o/ and mgu(bool — f~ (o' — o) — o' — o) = FAIL.

In the case of G, dynamic type checking does not prevent a type error.
One gets: T'(X) = a — (3, twice i1 (&/ — /) — o — o and mgu(a —
fr(d—d) —d —d)={a— (@ —ad),f— (¢ = )} and
hence G H1p wrong G', Where

G=0oYNXnotZoX~twiceoa~dod —d, f~d —d
b

o{X:(@—=d)—>d—ad, Yuid —d, 27}

90



Note that G’ is ill-typed, although it admits an untyped solution: o, =
{X+ twice,Y — false,Z > true}.

2. Opaque decomposition escapes from dynamic type checking. This is
not possible for transformation ID. Since X @, =< X b, is well-typed

w.r.t. T, the type T(X) forces the types of @, and b, to be the same.

Example 12 (CLNC Transformation BD)

1. Type-closure and dynamic checking are necessary. Consider G # G,
given as:

G=0oXYXsN negateYXZ oD o(o

{X:: @ — nat, Y :: [bool], Z:: [bool], N :: nat}
G=0oXYXsN negateYXZ o o «~ [bool]l O

{X :: [bool] — nat, Y :: [booll, Z:: [bool], N :: nat}

Dynamic type checking prevents the application of BD to G with bind-
ing {X — s}, since T'(X) = [bool] — nat, s :: nat — nat in PA(T, s N)
and mgu([bool] — nat ~ nat — nat) = FAIL.

In the case of G, dynamic type checking does not prevent a type error.

One gets: T(X) = a — nat, s :nat — nat and mgu(a — nat ~
nat — nat) = {a — nat} and hence G HBp wrong G', Where

G'=0 0YXN negateYXZ O X~s O a=nat O
{X :: nat — nat, Y :: [booll, Z:: [bool], N :: nat}

Note that G’ is ill-typed, although it admits an untyped solution: o4 =
{X—s,N—[],Y—[],Z2— []}.

2. Opaque decomposition escapes from dynamic type checking. This is
not possible for transformation BD. Since X @; = s by, is well-typed
w.r.t. T, the type T(X) and the type annotation of s in PA(T, s by)
must have the form 1 — p and 7y — p, respectively, with 1, and 7
such that T by ay o T, and T Fwr bs = . Moreover, dynamic type
checking unifies 71y — p and 7, — p as part of the BD transformation.
Therefore, @ and b, cannot become ill-typed in the new goal.

Example 13 (CLNC Transformation IM)
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1. Type-closure and dynamic checking are necessary. Consider G # G,
given as:

G =0 o XYMX cons (head [z]) L, negateYX Z o () o () o
{X:: a — [nat], Y :: [booll, L:: [nat], Z:: [booll}
G =0 o XY X cons (head [z]) L, negate YX Z 0 0 O
a =~ [bool] O {X: [bool] — [natl], Y :: [bool],
L :: [nat], Z:: [booll}

Dynamic type checking prevents the application of IM to G with bind-
ing {X +— cons A}, since T'(X) = [bool]l — [nat], consA :: [ay] —
[a1] and mgu([bool] — [nat] =~ [ay] — [ay]) = FAIL.

In the case of G, dynamic type checking does not prevent a type er-
ror. One gets: T(X) = o — [nat], cons A :: [ay] — [ay], mgu(a —
[nat] ~ [a;] — [y]) = {a — [nat],a; — nat} and hence
G H 1M wrong G', Where

G'=0 o AXhead [z], YXL, negate YX Z 0 X~ cons A O
a =~ [nat], a; ~nat O {X:: [nat] — [nat], Y :: [booll,
L :: [nat], Z:: [booll, A :: nat}

Note that G’ is ill-typed, although it admits a solution: o, = {X —
consz,A—zY— [1,L— [],Z2— []}.

2. Opaque decomposition escapes from dynamic type checking. Consider
G = G, given as:

G = o X (tail [z]) X third one (tail [true]) o ) o @ o
{X:: [nat] — g — [}
Dynamic type checking does not prevent the application of IM to
G with binding {X +— third A}. In fact T'(X) = [nat] — 8 — 0,

third At ay — B — By, mgu([nat]l — 8 — B~ a; — B — B1) =
{ay — [nat], B; — [} and therefore:

GHimv G =0 o AXone, tail [z] X tail [true] O X ~ third A
O a; ~ [nat], f1 = o {X:: [nat] — 3 — §,A:: 5}
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The step G H-y G’ involves opaque decomposition, and G’ turns out
to be ill-typed. Nevertheless G" admits the solution oy = {A +— sz, X —
third (sz)}.

Example 14 (CLNC Transformation GN) X
Type-closure and dynamic checking are necessary. Consider G # G, given
as:

G=0oFXXtrueo oo {X:a, Fray—a}
G=0oFXXtrue o ) 0 a~bool O {X:a, F:a; — bool}

Dynamic type checking prevents the application of GN to G with binding
{F + plus z}, since T(F) = a; — bool, plus z :: nat — nat and mgu(a; —
bool ~ nat — nat) = FAIL.

In the case of G, dynamic type checking does not prevent a type error.
One gets: T(F) = a; — «, plusz :: nat — nat, mgu(o; — o ~ nat —
nat) = {o — nat, a; — nat} and hence G H-gN wrong G', Where

G'=X—NoNNXtrue o F~plusz O o ~nat, a; ~nat O
{F :: nat — nat, X :: nat, N :: nat}

Note that G’ is ill-typed, although it admits a solution: o4 = {F + plus z,
X — true,N — true}.

Example 15 (CLNC Transformation GD)

1. Type-closure and dynamic checking are necessary. Consider G # G,
given as:

G=00oX (tail [z]) XY (tail [true]) o 0 o 0 o
{X:ar— 0, Y:a, — (G}

G =10 o X (tail [z]) X Y (tail [truel) 0 0 O oy ~ [nat],
ag — [bool]l o {X:: [nat] — (,Y:: [bool]l — [}

Dynamic type checking prevents the application of GD to G with
binding {X + consA,Y ~— consB}, since T(X) = [nat]l — 3,
T(Y) = [bool]l — f, consA: [$] — [(1], consB:: [F] — [f.]
and mgu([nat] — B~ [$1] — [51], [bool]l — B = [B] — [B]) =
FAIL.
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In the case of G, dynamic type checking does not prevent a type error.
One gets: T(X) = a3 — 0, T(Y) = ag — 3, cons A :: [31] — [/4],
cons B :: [3,] — [B.] and mgu(ay — B~ [B1] — [A1], ae — B =
[62] — [B2]) = {au = [Bi], 02 — [61],8 — [51],B2 — (i} and
hence G HGp wrong G
G'=0 o AXB, tail [z] X tail [true] O X ~ cons A,
YaconsB O oy =~ [(1], as = [(1], B~ [(1], B = (1 O
{X 2 (6] — (6], Y [Bi] — [Bi], A By, B 51}
Note that G’ is ill-typed, although it admits a solution: o, = {X —
cons A,Y — cons A, B+ A}

2. Opaque decomposition escapes from dynamic type checking. Consider
G = G, given as:
G =0 o X (tail [z]) XY (tail [true]l) o 0 o 0 O
{X:: [nat] — 3, Y :: [bool] — [}
Dynamic type checking does not prevent the application of GD to
G with binding {X +— snd,Y — snd}. In fact 7'(X) = [nat] —
B, T(Y) = [bool]l — f, snd: oy — (1 — Py, snd :: ag — [y — [,
mgu([nat] — =~ oy — B1 — B, [booll = B ay — Fy — [2) =
{a; — [nat], ay — [booll, 3 — (81 — (1), B2 — (1} and therefore:
GHaep G =0 o tail [z] X tail [true] O X~ snd, Y~ snd O
ay = [nat], as =~ [booll, S~ (f; — (1), fe = (1 O
{X:: [nat] — By — B1,Y :: [bool]l — By — (4}
The step G H-gp G’ involves opaque decomposition, and G’ turns out to

be ill-typed. Nevertheless G’ admits the solution 04 = {X + snd,Y —
snd}.

Example 16 (CLNC Transformation OB) )
Type-closure and dynamic checking are necessary. Consider G # G, given
as:

G=XY—sNoOnegateYXZ o0 o0 o {X: a— nat,

Y :: [booll, Z:: [bool], N :: nat}
G=XY—sNoOnegateYXZ o oo~ [bool]l O

{X :: [bool] — nat, Y :: [booll, Z:: [booll], N :: nat}
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Dynamic type checking prevents the application of OB to G with binding
{X + s}, since T'(X) = [bool] — nat, s :: nat — nat and mgu([bool] —
nat ~ nat — nat) = FAIL.

In the case of GG, dynamic type checking does not prevent a type error.
One gets: T(X) = a — nat, s :: nat — nat and mgu(aw — nat ~ nat —
nat) = {o — nat} and hence G HoB,wrong G, Where

G'=Y—NoOnegateYXZ 0o X=s O a~nat O {X:: nat — nat,
Y :: [booll, Z:: [bool], N ::nat}

Note that G’ is ill-typed, although it admits a solution: o4 = {X — s,Y —
[1,Z— [1,N— [1}.

Example 17 (CLNC Transformation OGN)
Type-closure and dynamic checking are necessary. Consider G # G, given
as:
G=FX—trueolololdo{X:a, Fia— a}
G=FX—true o) o 0 0 a~bool 0 {X: a, F:: a; — bool}
Dynamic type checking prevents the application of OGN to GG with binding
{F — plus z}, since T'(F) = a; — bool, plus z :: nat — nat and mgu(o; —
bool A~ nat — nat) = FAIL.

In the case of G, dynamic type checking does not prevent a type error.
One gets: T(F) = a; — «, plusz : nat — nat, mgu(e; — « ~ nat —
nat) = {& — nat, a; — nat} and hence G H-oeN,wrong G', Where

G'=X—N,N—true o) oF~plusz O o~ nat, a; & nat O
{F :: nat — nat, X :: nat, N :: nat}
Note that G’ is ill-typed, although it admits a solution: o4 = {F + plus z,
X — true,N — true}.

Example 18 (CLNC Transformation OGD) R
Type-closure and dynamic checking are necessary. Consider G # G, given
as:

G=X(tail [z]) - Yo YX [Z|tail [true]l]l o0 o 0 o
{X:a—[81, Y [6], 25}

G =X (tail [z]) - Y O Y [Z|tail [truel]l 0 0 O a ~ [nat],
B ~bool O {X:: [nat] — [bool], Y :: [booll, Z:: bool}
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Dynamic type checking prevents the application of OGD to G with bind-
ing {X — cons A}, since T(X) = [nat] — [booll, cons A :: [a;] — [a4],
T(Y) = [booll, cons AB:: [an] and mgu([nat] — [booll ~ [a;] —
[a1], [bool] =~ [a;]) = FAIL.

In the case of G, dynamic type checking does not prevent a type er-
ror. One gets: T(X) = a — [#], cons A :: [y] — [oy], T(Y) = [/],
cons AB :: [ap], mgu(a — [] =~ [a1] — [aq], ] = [ao]) = {a —
(81, a1 — B, as — [} and hence G H-oGD,wrong G, Where

G' =tail[z] —» B o [AIB] X [Z|tail [true]] O X ~ cons A O
ax [fl, =B, aaxfo{X: [l =[], Y [B],Z:0,
A, B [P}

Note that G’ is ill-typed, although it admits a solution: o4, = {X — cons Z,
A—ZB— [1}

Examples 11-18 illustrate situations where a type error leads to an ill-
typed goal which has nevertheless some solutions, in the sense of Defini-
tion 12, items 1, 2. Of course, there are also cases where a type error leads
to an unsolvable goal.

4.3 Soundness and Completeness

In this final subsection we present soundness and completeness results for
CNLC. The main results are Theorem 5 and Theorem 6, corresponding to
Theorem 2 and Theorem 3 in [20]. After the publication of [20], where no
proofs were included, we unfortunately discovered some mistakes in our hand-
written proofs for these results. Regarding the Soundness Theorem 2 from
[20], we missed to recognize that a well-typed solved goal must be type-closed
before extracting a solution. Moreover, we did not notice that the empty type
environment in the solution extracted from a solved goal must be extended
to a generally non-empty environment, in order to obtain a computed answer
for the initial goal. With respect to the Completeness Theorem 3 in [20], we
failed to recognize that this result should be stated on the basis of solutions
for the type-closures of the well-typed goals under consideration, rather than
for the goals themselves. This is relevant because of the difference between

N

the two sets of solutions WTSol(G) and WTSol(G) in the case that G is
well-typed, but not type-closed; see Lemma 14. Presently we have found
proofs for revised formulations of both theorems.
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We are interested in well-typed goals G for a well-typed program P. We
write T for the type environment of GG, and we use the notation (R, 0) €.,
WTSol(G) to indicate the existence of some (R, 6') € WTSol(G) such that 6
and @' can differ only over existential variables. Remember that initial goals
are of the form Gy = ) 0 C o 0 o @ o T, and include no existential variables,
while solved goals have the form G, =0 o () o S; o S; o T,. As defined at
the beginning of Subsection 4.2, the answer computed by a CLNC derivation
with initial goal Gy and final solved goal G, is (T,,6:\To6%, (64, 04)), where the
type substitution &; comes from the type-closure of G,,. All these assumptions
and notational conventions will be kept in the rest of this subsection.

Now we are ready to discuss soundness. The following lemma (proved in
the Appendix) ensures the correctness of computed answers, extracted from
solved goals.

Lemma 15 (Computed Answers)

Assume a well-typed solved goal G = 0 odosS;osS aT with type-closure
=0 o0 oS;as aTl. Then the computed answer (0, (5,,04)) is a

well typed solution of both G and G. a

Regarding soundness of one single CLNC step, we have the following
lemma. A proof is given in the Appendix.

Lemma 16 (One-step Soundness)
Assume a well-typed goal G, for a well-typed program P. Then:

1. If G H¢rye FAIL, then Sol(G) = 0.

2. If G Hcorne G, then G’ is an admissible goal, and every (R,0) €
WTSol(G") verifies (Te0:\Tcb;) UR, 0) Ec, WT'Sol(G). Moreover, G’
is again well-typed, unless the CLNC' step from G to G' has performed
an opaque decomposition. O

Our desired soundness result follows from Lemma 16:

Theorem 5 (Soundness)

Consider a well-typed program P and a CLNC derivation Gy Hcrne - -
H-conve G, where Gy is well-typed and type-closed initial goal, G,, is a solved
goal, and all the steps are transparent. Then all the goals are well-typed and
the computed answer is correct, i.e. (T,,0, \ Tooy, (64,04)) € WTSol(Gy).
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Proof: Due to Lemma 15, we know (0, (64, 04)) € WTSol(G,). Moreover,
the type environments of the goals along the CLNC derivation, affected by
0y, form an increasing chain Tyo; C --- C T,,6;. Therefore, by reiterated ap-
plication of Lemma 16, we can obtain (7,6, \ To0¢, (61, 04)) Eex WTS0l(G).
Since Gy includes no existential variables, the desired conclusion follows. O

The role of the type environment (7,6, \ Tpd;) in a computed answer
is to provide type assumptions for the new variables occurring in the range
of the computed data substitution. This can be seen in Example 9(b). An
additional illustration is provided by the next example, based on the program
from Example 2.

Example 19 (Computed Answer with Non-empty Type Environ-
ment)
Go=Go=0 o ppNXtrue o0 ) o @ o {N: nat} Hnr1
Gi=N—sXopXXtrueo( o o {N,X:nat} Hos
Go=0opXXtrue o N~sX o o {N,X:nat} Hnri
Gs=X—sYOtrueXtrueo N~sX ol o {N,X:nat} Hop
Gy=0 o trueXtrue o N~s(sY),X~sYo( o {NXY:nat}
HDpe1

Gs=0oloN=~s(sY),X~sYo o {NXY:nat}

G5 = G5 yields the computed answer (T, 6, \ Te,6¢, o) with Te. 64\ Ta, 00 =
{X,Yunat},o;=0and oy ={N— s (sY),X— sY}.

This computed answer is a well-typed solution of Gy, as predicted by
Theorem 5. The type environment (T, \ Tg,0:) is necessary, since (0, o) ¢

WTSol(Gy).

In order to prove completeness of CLNC, we use a well-founded ordering
over witnesses of solutions, as in [19, 18]. Let < be the well-founded multiset
ordering for multisets of natural numbers [11, 6]. Then:

Definition 14 (Ordering for Witnesses)
Let M, M’ be finite multisets of (possibly type-annotated) GORC' proofs.
Let SM, SM’ be the corresponding multisets of natural numbers, obtained
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by replacing each GORC proof by its size, understood as the number of GORC
inference steps. Then we define M a1 M iff SM < SM'.

The next result, also proved in the Appendix, guarantees that CLNC
transformations can be chosen to make progress according to a given type-
annotated witness.

Lemma 17 (One-step Completeness)

Assume a well-typed goal G, for a well-typed program P, as well as a so-
lution (R,0) € TASol(G) with type-annotated witness M. If G is not
yet solved, there is some well-typed goal G’ such that G Hcrye G' and

(R,0) €cy TASOL(G') with witness M’ <1 M. O

In contrast to the formulation of Lemma 2 in [20], the previous lemma
assumes well-typed solutions of the type closures of the goals under consid-
eration. Omitting the type closures would lead to the following problem:
GG might be not type-closed, and G’ might become type-closed by virtue of
one of the CLNC transformations marked with . In this case, proving
(R,0) €., TASol(G') might be impossible due to item 1 from Lemma 14.

Our desired completeness result can be easily deduced from Lemma 17:

Theorem 6 (Completeness)

Assume a well-typed goal Gg, for a well-typed program P, as well as a type-
annotated solution (R,0) € TASol(Gy). Then there exists a CLNC deriva-
tion Go Hpne Gn consisting entirely of well-typed goals, where the solved
form G,, with associated computed answer (T,,6, \ Tooy, (6¢,04)) is such that

(R, 0) €y TASOl(G,,), which implies &, < Oy[tvar(Go)] and og < O4[var(Gy)].
Proof: Reiterate the application of Lemma 17, starting from (R,0) €
TASol(Gy), which follows from the hypothesis because Gq is type-closed.
Since the ordering < is well-founded, the reiteration must eventually termi-
nate with a well-typed solved goal G,, such that (R,0) €., TASol(G,,). This

means the existence of some (R',6') € TASol(G,,) such that § and ¢ can dif-
fer only over existential variables. Then 6, = 6,0, and ¢/, = 0,0, follows from
0, € TSol(S,) and 0, € Sol(Sy), respectively. Since Gy includes no existential
variables, we can conclude that 6; < O[tvar(Gy)| and o4 < b4lvar(Gy)] as

desired. O

Example 20 below illustrates the need of a type-annotated witness in the
hypothesis of Theorem 6. We assume the program from Example 2. The
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initial goal Gy admits the well-typed solution (0, (0,{X — [1,Y — [1})).
Due to opacity of snd, no type-annotated witness for this solution exists.
In the CLNC derivation shown below, the goal G; becomes ill-typed after
the first opaque decomposition step. The rest of the CLNC steps do not
require any dynamic type checking and can be performed in spite of the fact
that the goals are not well-typed. The ill-typed solved goal G; obtained at
the end provides no well-typed computed answer. Nevertheless, the data
substitution o, extracted from G; subsumes the data part of the initially
given solution. This is consistent with the completeness of untyped CLNC,
as proved in Theorem 4.2 from [19].

Example 20 (A Well-typed Solution Lacking a Type-annotated
Witness)
Go=Go =10 o snd (head [X, [truel]l) X snd (head [Y, [z]]) O 0
o0 o {X: [booll, Y:: [nat]l} Hpci
G1# Gy =0 o head [X, [truel] Mhead [Y,[z]] o 0 o 0 o

{X:: [booll, Y :: [nat]} H-nNr1

Gy = [X| [[truell] — [X1|X1s] o X1 X head [Y,[z]] o0 o 0 o
{X :: [booll, Y :: [nat], X1 : a4, X1s:: [ay]} Hpe2

G3; =X — X1, [[true]l]] — X1s 0 X1 X head [Y,[z]] o0 o0 o
{X :: [booll, Y :: [nat], X1 : ay, X1s :: [ay]} Hpge

G,=0 o XXhead [Y,[z]] o0 o0 o {X: [bool], Y:: [nat],
X1:ay, X1s:: [y]} H-NR1

Gs=[YI[[z]1] — [Y1IY1sl] o XX Y1 o @ o ) o {X:: [bool],
Y :: [nat], X1 ayq, X1s: [ag], Y1 g, Yis o [an]}

H_DC2,IB2
Ge=0oXXYo@ oo {X:[booll, Y: [nat], X1 :: ay,
X1s : [a], Y1y, Yis:: [ap]l} HsD
Gr=0oDoX~Yoldo{X: [booll, Y: [nat], X1 :: oy,
Xis : [o], Y1 ay, Yis o [ag]}
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5 Conclusions

We have presented a polymorphic type system which extends a previous
approach to HO FLP, based on the rewriting logic CRWL [19]. We have
defined a natural class of well-typed programs, and we have extended both
the models and the lazy narrowing calculus CLNC from [19] to take types
into account. Our logical semantics assigns a meaning both to well-typed
and to untyped programs. With respect to lazy narrowing, we have identified
two possible sources of run-time type errors in CLNC computations, namely
opaque decompositions and ill-typed bindings for HO logic variables.

Regarding the first problem, we have shown that the eventual occurrence
of opaque decomposition steps is undecidable in general, and we have argued
that the difficulty is nevertheless bearable from a practical viewpoint. On
the other hand, we have proposed dynamic type checking mechanisms to
prevent the second problem, causing only a small overhead in computations
that involve no use of HO logic variables acting as functions. We have proved
that CLNC with dynamic type checking is sound and complete with respect
to the logical semantics in a reasonable sense, namely: computed answers are
always correct and well-typed unless opaque decomposition has taken place;
and correct solutions which have a type-annotated witness are covered by
well-typed computed answers.

As future work, we are interested in working out and testing an imple-
mentation of dynamic type checking. The 7O) system [32], which works
on top on Prolog, is an available possibility. Another interesting approach
would be to extend the abstract machine from [27] (whose design supports
extensibility and modifiability) with dedicated mechanisms for dynamic type
checking.
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6 Appendix: Proofs

6.1 Proofs of Results from Subsection 2.2

Proof of Theorem 1: We prove items 1 and 2 simultaneously, by struc-
tural induction over e.

Case X € DVar: Assume T(X) = 7. Applying VR we get TR(T,X) =
(X7,0). Then:

1. For every o; € TSol(0), Toy Fwr X :: 7oy, due to VR.

2. Assume T' < T such that 7" Fyr X 2 7/, Then T(X) =7/, and T" =
To, for some o;. This oy surely satisfies o, € TSol(()) and X0, = X7

Case h € DC' U FS: Consider a fresh variant (h :: 7) €, X of h’s principal
type declaration. Applying ID we get TR(T,h) = (h7,()). Then:

1. For every o, € TSol(0), Toy bwr h :: Toy, due to ID.

2. Assume T < T’ such that 7" Fwr h 2 7. Then 7 < 7/, and we
can choose o; such that 7" = Toy, 7/ = 70;. This o, surely satisfies
o1 € TSol(P) and h™o, = h™.

Case (eey): Assume TR(T,e) = (e",E) and TR(T,e;) = (el', Ey) with
tvar(E) N tvar(Ey) C ran(T). Applying AP we obtain TR(T, (e e1)) =
(e~ e")’, EU Ey U{T = 11 — ~v}), where 7 is a fresh type variable not
occurring in T, E, Fy. Then:

1. Assume o, € TSol(E U E; U {1 ~ 7 — v}). By induction hypothesis
for e and ey, we get Toy by e :: 7o, and T'o, Fyr ey 2 oy Moreover,
Toy = Moy — 7oy because oy € TSol(t =~ 7, — 7). Hence, Toy Fyr
(e e1) :: you can be derived by applying AP.

2. Assume T < T” such that 7" Fyr (e er) == 7. The last step in the
derivation must have used AP. Therefore, there must be some type
71 such that 7" Fyr e 7f — 77 and T" Fyr e; 2 7{. By induction
hypothesis applied to e and e;, we can assume o; € TSol(E), o} €
TSol(E;) such that To, = T', €70, = e, Tal = T', o} = eI{.
In particular, we can conclude that o; = of[ran(T)]. Since 7 is a
fresh type variable, we can define 6, € TSub such that &; | ran(T) =
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o¢ | ran(T) = o} | ran(T) and 64(7) = 7’. From this construction it
follows that 6, € TSol(EF U E; U{rT ~ 7 — ~}). In particular, we
get: 76, = 70y = 7, — 7 = 10} — Y6: = (11 — 7)6y. Moreover,
eToy = (en™7 el )6, = (eni T eI{)T/. This concludes the proof. O

Proof of Lemma 2: We reason by induction over the syntactic structure
of t. The base cases t = X (X € DVar) and t = L are trivial, because the
only ¢ 3 t are L and ¢ itself. The remaining case is t = h t,,. Due to the
assumption 7' Fyp t @0 7, there must be types 7; (1 < i < m) such that
(a) T Fwre; iom for all (1 < i< m)and (b) 7, — 7 is an instance of h’s
principal type. For ¢ J t there are only two possibilities: ' = L or ¢/ = ht/,,,
where t; J t; for all (1 < i < m). In the first case, T Fyr L 1 7 can be
derived by ID. In the second case, (a) and the induction hypothesis allow us
to assume (c¢) T by t; = 7 for all (1 <4 < m) and then T byr ht/y, == 7
follows from (c) and (b). O

Proof of Lemma 3: We reason by structural induction over e.

Case L: In this case ecy = L and 17 Fyr L i 7oy follows from ID, since
(L a) Epar 21

Case X € DVar: Ty Fwr X :: 7 must be proved by applying VR. Hence,
To(X) =7 and T} Fwr Xog :: 7oy holds by hypothesis.

Case h € DC'U FS: In this case hoy = h and Ty Fwr h :: 7 must be proved
by applying ID. Then the principal type of A must be (h :: 7p) €44 % such
that 7p < 7. Since 70 < 7 < 70y, T1 Fwr h :: 7oy follows from ID.

Case (eey): Ty Fwr (e er) :: 7 must be proved by applying AP, having
proved previously Ty Fwr e :: 4 — 7 and Ty Fwr ey :: 71 for some 7. By
induction hypothesis for e and e;, we can assume T} Fyr eoq @ 1oy —
oy and T} Fwr ejoq 2 moy. Then Ty Fyr (e e1)oy 2 7oy follows by one
application of AP. a

Proof of Lemma 4: This follows as a simple corollary from Lemma 3, tak-
ing T" as Ty, T'o, as Ty, and the identity data substitution idy as oy. O

Proof of Lemma 5: First, note that e”¢ must be understood as the result
of replacing each type 79 occurring in e” by 790, and each variable X™ occur-
ring in e” by a type-annotated expression (Xo,)™%. This leads to a correct
type-annotated expression because of Lemmata 1 and 3. O
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Proof of Lemma 6: We reason by structural induction over ¢.

Case X € DVar: In this case, T Fyr X = 7 and To Fyr X 7 imply
T1(X) =1 =T5(X), due to the type inference rule VR.

Case h € DC U FS: Since t = ht,, is transparent, h must be m-transparent,
and its principal type must be of the form h :: 7,, — 75 with tvar(7,,) C
tvar(mp). By the assumptions of the lemma and the form of the type deriva-

1

tion rules, there must be types 7/, 7/ (1 <1i < m) such that

(a) Ty Fwrt; 7l forall (1 <i<m)and 7, —>7<7T, — 7.
(b) Ty Fywrt; 7/ forall (1 <i<m)and 7", —7<7, — T.

Since tvar(7,,) C tvar(ry), (a) and (b) imply that 7/ = 7/’ for all (1 <i < m).
Then, by the induction hypothesis applied to each ¢;, we can conclude that
T1(X) =To(X) for all X € (J{var(t;) | 1 <i<m}=var(hty). O

Proof of Lemma 7: By the assumption of the lemma and the form of the
type inference rules, there must be types 7;, 7/ (1 <1i < m) such that

(a) Thwra; =7 forall(1<i<m)and T Fwyrh:7, —T.
(b) TFwrb; 7 forall (1<i<m)and T Fwyrh 7, — T

Consider the type environments T} = {X; == 7,..., X, = 7} and Ty =
{Xy1,..., X, i 7.}, Due to (a) and (b), we obtain Ty Fyr h X, =2 7
and Ty Fywr h X,, :: 7. By applying Lemma 6 to T}, T5 and the transparent
pattern h X,,, we can conclude that 7, = 7/ for all (1 < i < m), which
completes the proof. a

6.2 Proofs of Results from Subsection 3.1

Proof of Lemma 9: Since the given defining rule is well-typed, we can
assume: (a) To Fyr t; o 7 for all 1 < i < n, (b) Ty Fwr 7 = 70. By
the assumptions of the lemma, we also have (¢) T Fyr tioq @ T0y for all
1 < i < n. From (a) and the Type Instantiation Lemma 4, we get (d)
Tooy Fwr t; 2 1oy for all 1 < ¢ < n. On the other hand, taking into
account (c¢) and the linearity of f %, we can build a type environment 7}
with dom(T}) = var(f t,) and such that (e) T Fwr t; = Tioy for all 1 <
i <n, () T Fwr Xog = THX) for all X € war(f t,). To build T, it
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is enough to choose as T{(X) the type 7x inferred for Xo, as part of the
type inference ensured by (c) (for that ¢; in which X occurs). Note that
ty,...,t, are transparent patterns without variables in common. Therefore
we can apply the Transparency Lemma 6 to (d), (e) and we obtain: (g)
THX) = (Tyo)(X) = To(X)o; for all X € wvar(f t,) From (g), (f) and
var(r) C var(f t,), we get: (h) T Fywr Xog 2 To(X)o; for all X € var(r).
Finally, (b) and (h) allow us to apply the Well-typed Substitution Lemma 3,
which gives T' by rog 2 7oy, as we wanted to prove. O

Proof of Theorem 2: Assume a given GORC proof II for P Fgorc e — t,
with size £ > 1, measured as the number of GORC inference steps. We reason
by induction over k.

In the base case, k = 1 and there are three possible cases:

Case BT: In this case II consists of one single application of BT. Then
t =1,and T Fwyr L = 7 follows from the type inference rule ID, since
(L a) Epar 21

Case RR: If II consists of one single application of RR, then e = ¢ = X,
for some variable X, and the conclusion is trivial.

Case DC: In this case II must consist of one single application of DC with
m = 0, since m > 0 would yield size greater that 1 for II. Therefore,
e=t=he DCUFS, and the conclusion is trivial again.

For the induction step, we assume k > 1 and we analyze the two possible
cases according to the GORC inference rule applied at the last step of II:

Case DC: In this case, e — t has the form of the conclusion of the GORC-
rule DC, with m > 1. The assumption T" -y e :: 7 becomes T -y he,, :: T,
which implies the existence of types 7; such that (a) T Fwr e; :: 7; for all
1 <i<m, (b)T Fwr h 27y — 7. For each 1 < i < m, we have
P Foorc €, — t; with a GORC proof of size less than k. By induction
hypothesis, we can assume: (¢) T Fyrt; :: 7; for all 1 < i < m. From (b)
and (c), we can conclude T by ht,, :: 7, which is the same as T Fyrt :: 7.

Case OR: Now we can assume that e — ¢ has the form of the conclusion of
the GORC-rule OR, where each premise has a GORC proof of size smaller
than k. In particular, e = f €, a,, for some f € FS" and the assumption
T Fwr e 7, implies the existence of types 7;, it; such that: (d) T'Fyre; 7
forall1<i<n,(e) Thtwraj:p;jforalll <j<m, ) Tkwrf7,—
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I,, — 7. By the induction hypothesis applied to e; — t;, we can assume: (g)
Ttwrt; 7 forall 1 <i<n. Dueto (f) and (g), we can apply Lemma 9
to (ft, — r < C) € [P]., and we obtain (h) T bz r 7, — 7. From (e)
and (h) we can infer T' -y 7 Gy, :: 7. Finally, we can apply the induction
hypothesis to r @,, — t to conclude T' w7t :: 7. Note that our reasoning in
this case ignores the GORC proofs for C' in the premises of OR. In fact, some
of these conditions could be ill-typed. This eventuality does not contradict
the Subject Reduction Theorem. a

6.3 Proofs of Results from Subsection 3.2

Proof of Proposition 2: The four items can be proved straightforwardly,
using structural induction over 7, e or t, according to the case. A similar
result for FO CRWL can be found in [18] as Proposition 5.1. Here we limit
ourselves to give the proof of item 3, reasoning by induction of the structure
of a partial pattern ¢ € Pat,. There are four cases to consider:

Caset = X, X € DVar: This is a base case. [X]*ns = (na(X)), where
na(X) € DefVal(A), if n € DefVal(A).

Case t = L: This is also a base case. [L]*ns = (L)

Caset = ct,,, ce DC", 0 <m < n: By induction hypothesis, we can as-
sume elements v; € DA such that [t;]"'ns = (v;) (1 < i < m). In case that
n € DefVal(A) and the t; are total patterns, we can assume v; € Def (D4).
By item 9 of Definition 5 and monotonicity of @4, we get

[e fm]]And =ctaty @t . aty, = (v)
for some v € DA, and v € Def (D) in the case that vy,...,v,, € Def (D).
Caset = ft,, f€ FS",0<m <n: This case is similar to the previous

case, also using the induction hypothesis and item 9 of Definition 5. a

Proof of Proposition 3: We reason by induction on the size n (measured
as the number of inference steps) of a given derivation of the type judgement
Thwre::T.

In the base case, n = 1 and there are two subcases:

Case VT: In this case e is a variable X and T Fyr X :: 7 is proved by one
single VR step. Then [X]*ns = (na(X)) C EA([r]" ), since 7 is well-typed
w.r.t. T.
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Case ID: In this case e = h € DC U FS with principal type declaration
(h :: 7o) €var 1. Note that h = L is possible here. Necessarily, T' by h o 7
has been proved by one single ID step, and 7 = myo; for some o, € TSub.
By the Substitution Lemma 10, [T]]Ant = [r]*no,. On the other hand,
[h]" 04 equals hA if b € FS® and (hA) otherwise. In both cases, [h]"'ng C
EA([r]'noy) because A is a well-typed algebra.

For the induction step, we consider a derivation of T Fyr (e e;) = 7 in
n steps, n > 1. The last step must use AP, and there must be shorter
derivations proving 7' Fwr e :: m; — 7 and T Fwr e :: 7y for some type
71. By induction hypothesis, we can assume: (a) [e]*ns € EA(Jr — 7]"'n,)
and [e1]*ng € EA([n] ). Since A is a well-typed algebra, we know that:
(b) u @A uy C EA([r]Mn) for all uw € EA([r — 7]™n,), w1 € EA([R] n).
On the other hand, we also have: (¢) [(e e)]*ng = [e]*ng @4 [er]"ng =
Ufu @4 uy | w € [e] g, us € [er]™na}. From (a), (b), (c) it follows that
[(e e)]*na € EA([r]'n,), as we wanted to prove. O

Proof of Lemma 11: To prove item 1 we have to check that all the tech-
nical conditions stated in the Definitions 5, 6 are fulfilled. The crucial points
are the following ones:

1(a) @M7T) must be monotonic mapping returning cones as values. This
follows from items 2 and 3 of Lemma 8. The key fact is that, for patterns
ti,t, € Pat) such that t; J t], one gets:

{tEPatL | Pl_GORCf%m_)t} Q{tEPatl|PI—GOROme—>t}

where both sets are cones.

1(b) For every 7 € Type, the set EMPT)(7) = {t € Pat, | T Fwrt 7}
must be a cone. Indeed, T Fyr L :: 7 holds because of the type inferring
rule ID. Moreover, assuming T' Fyr t' :: 7 and ¢t 3¢, T Fyp t 2 7 follows
from Lemma 2.

1(c) For every f € FS°, the set fMPT) = {t € Pat, | P Fgorc f — t}
must be a cone. This is true because of item 2 from Lemma 8.

To prove item 2, let us assume that P is a well-typed program. Considering
item 4 of the Proposition 2, as well as the construction of Mp(T'), proving
that Mp(T') is well-typed reduces to check the following conditions:

2(a) TtFwrc: Toy, for every ¢ :: 7 € DC", o, € TSub.
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2(b) Tkwr f:: 7oy, for every f 7€ FS", o, € TSub.

2(c) For every (f = 7, — 1) € FS", n > 0, for every t;,t; € Pat,, for
every oy € TSub: T Fyrt; i 1oy (1 <i<n)and Pltgore [tn >t =
T l_WTt 2 ToO0¢-

Indeed, 2(a) and 2(b) follows from the type inference rule ID. On the other
hand, the assumptions in 2(c) imply T by f t,, :: T90¢, which allows to de-
duce T'Fwrt :: T9o¢ by an application of the Subject Reduction Theorem 2.
O

Proof of Lemma 12: We start by showing that item 2 is an easy conse-
quence of item 1. The statement ¢ can be either e — ¢ or @ X b. In the first
case, we have:

(MP(T)aO'd) Fe—t «<— IIt]]MP(T)O'd - [[e]]MP(T)gd e

tog € [[eﬂMP(T)Ud <— Plgorceoyg — tog

where the first equivalence is justified by Definition 8, the second equivalence
is true because of item 4 in Proposition 2 and the third equivalence holds by
item 1 of the present lemma.

In the case ¢ = a X b we reason as follows: (Mp(T),04) F a X b —
there is a total pattern ¢ € [a] "o, N [5]** o, <= there is a pattern
t € Pat such that P Fgorc acy — t and P Fgorc bog —t < P Fgorc
acy M bog, where the first equivalence is justified by Definition 8, the second
equivalence is true by item 1 of this lemma, and the third equivalence is
justified by the GORC rule JN.

In order to prove item 1, we observe that (%) [eaq]”Mid = [e]"*Dido, =
[[e]]MP(T) o4, where the first identity holds because of the Substitution Lemma
10 and the second identity is true because [o4(X)]?id = (04(X)). We
will show that every e € Erp, verifies (x%) [e]*Pid = {t € Pat. | P Feorc
e — t} Note that item 1 follows from (%), (xx) (with e replaced by eoy
in (xx)). To simplify the notation in the rest of this proof, we abbreviate
“[[e]]MP(T)id” as “[[e]]P” and “P Fgorce — 17 as “e —p t”. We give separate
proofs for the two inclusions: (A) [e]” C {t € Pat, | ¢ —p t} and (B)
{t e Pat, | e —p t} C [e]”.

Proof of (A) Due to the construction of Mp(T') and the recursive definition

Pss

of expression evaluation, the true facts of the form “¢ € [e]™” are exactly
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those that can be derived in finitely many steps by means of the following
rules:

(D1) L e[e]”, foralle € Exp, .
(D2) X € [X]7, for all X € DVar.

(D3) tie[e]” (1 <i<m) = hi, € [hEn]”, for all rigid and passive
expressions h e,,.

(D4) t;efe]” 1 <i<n),uelft,]", t€uan)” = te[fe,am],
for all rigid and active expressions f €, Gy,.

Assume that “t € [e]”” has been derived in k steps by means of the rules
(D1)-(D4) above. We use induction over k to show that e —p t.

In the base case k =1, t € [[e]]73 has been derived by one single application
of (D1), (D2) or (D3) with m = 0. In all these cases, e —p t is trivial.

For the inductive case, k > 1, the last step in the derivation of t € [[e]]73 must
correspond to rule (D3) with m > 0, or to rule (D4). In the (D3) subcase,
we get e = he,, and t = ht,, where ¢; —p t; (1 <i < m) can be assumed by
induction hypothesis. Therefore, e —p t follows by the GORC rule DC. In
the (D4) subcase e = f€,a,,, and by induction hypothesis we obtain e; —p t;
(1 <i<n)and ua, —p t, where u € [f7,]". By construction of Mp(T),
u € [f1t,]” implies f 7, —p u. By Proposition 1, GORC is equivalent to
BRC, where reduction is transitive and preserved by contexts. Therefore, we
can combine the reductions e; —p t; (1 <@ < n); ft, —p u; ud, —p t to
obtain:

fénam P fznam —p Ul —>’Pt

which proves f €, a,, —p t, as desired
Proof of (B) We assume that e —p t has been established be means of a

GORC proof of size k, and we use induction over k to show ¢ € [e]]P.

The base case, k = 1, corresponds to a GORC proof consisting of one single
application of BT, RR. or DC with m = 0. In all these situations, ¢ € [e]”
is obvious.

For the inductive case, k > 1, we distinguish two subcases, according to the
inference rule used at the last step of the given GORC proof.
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Case DC with m > 1: We have e = he,,, t = ht,,, and t; € [[el-]]73 (1<i<
m) can be assumed by induction hypothesis. Then hi,, € [hen)]” follows
by construction of Mp(T).

Case OR: We have a rule instance (f t, — r < C) € [P]. such that (a)
ei —=p t; (1 <1 < mn), (b) P tgorc C, (¢) ra, —p t. By induction
hypothesis applied to (a), (c), we get t; € [e;]” (1 <i<n)andt € [ran]”.
These facts, together with the monotonicity of the apply operation in any
algebra and the definition of expression evaluation, imply the following: (d)
t € [ran]” and [f T, @n]” C [f € am]”. By (d), it is enough to show that
[r @n]” C [f T, @m]”, which in turn follows from [r]” C [f Z.]”. To show
this, let us assume u € [r]”. Because of the inclusion (A) (already proved
above) we obtain: (e) r —p u. Moreover, due to item 1 from Lemma 8, we
also have (f) t; —p t; (1 < i < n). Now, f 1, —p u follows from (f), (b),
(e) and the GORC rule OR. Due to the construction of Mp(T), ft, —p u
implies u € [f ,]”, which completes the proof of [r]” C [f t,]” and the
Lemma. O

Proof of Theorem 3: In order to prove Mp(T) F P, we consider any
defining rule (f ¢, — r < C o T) € P and any data substitution o, €
DSub; (which is the same as a data valuation over Mp(T')). Assume that
(Mp(T),04) E C. By item 2 from Lemma 12, this means that P Fgorc Coy.
We have to check [r]*'" o, C [f 7] 64 By item 1 from Lemma 12,
this amounts to show:

{t - PatL | P I_GORCTUd —>t} - {t - Patl | ,P|_GORC (f%n)o-d —>t}

This is true, because for any t € Pat, such that P Fgorc roqg — t, we can
derive P Fgore (f th)og — t in one OR step, using P Fgore Cog (which
we are assuming) and P Fgore tioqg — tioq (which is true by item 1 from
Lemma 8). Next, we show the equivalence of the items in the Theorem’s
statement by proving three implications.

1 = 2: Let us fix any model A F P and any totally defined valuation
n € DefVal(A). We assume P gore ¢ with some proof II of size k, and we
reason by induction over k to prove (A,n) F .

In the base case, k = 1, ¢ must be either e — L or X — X or h — h, and
(A, n) E ¢ is trivially true.

In the inductive case, k > 1, we must consider three subcases.
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(a) The proof IT ends with a DC step. Then ¢ = he, — ht,, and by
induction hypothesis applied to the premises of the DC inference, we get
(A,n) E e; — t;, which amounts to [t]"'n C [e]'n, for all 1 < i < n,
[h fm]]An C [hen]™n is casy to check, using the definition of expression
evaluation. Therefore, (A,n) F he,, — ht,.

(b) The proof Il ends with an OR. step. Then ¢ = f €, a, — t, and by
induction hypothesis applied to the premises of the OR inference, we get
(b1) (A, n) E ¢; — t;, ie. [t]*n C [e]™n, (1 <i < n), (b2) (A,n) E C,
(b3) (A,n) E 7@y, — t, ie [t]*n C [ran]*n where (fT, — r < C) € [P]L
is the instance of P-rule used in the OR step. Since A is a model of P, A
satisfies all the rewrite rules in P. Due to Lemma 10, A satisfies also all
the instances of rules in P, in particular, (f ¢, — r < C). Then, from (b2)
we can infer (b4) (A,n) E [T, — r, ie. [r]*n C [f,]"'n. Considering the
definition of expression evaluation, it is easy to see that (b3), (b4) and (bl)
can be applied successively, leading to the inclusions:

[[t]]ATI Clr Em]]An Clfta Em]]ATI Clfe. Em]]An
This entails [t]*n) C [f €n @]y, ie. (A, 1) E f €, G — t.
(¢) The proof II ends with a JN step. Then ¢ = a X b, and by induction
hypothesis applied to the premises of the JN inference, we get a total pattern
t € Pat such that [t]*'n C [a]'n and [t]'n C [B]*n. Since 7 is totally
defined, we can assume [t]"n = (v), for some v € Def(D*), by item 3 of

Proposition 2. Then there exists a totally defined element v € ([a]*nN[b]*n),
which means (A, n) F a X b.

2 = 3: This implication holds because Mp(T) E P, as we have proved
already, and id is a totally defined valuation.

3 = 1: 'This follows from item 2 of Lemma 12, taking the identity substi-
tution id as oy. O

6.4 Proofs of Results from Subsection 4.1

Proof of Lemma 13: )
(a) = (b): Assume that G is well-typed, and take 7" = T'. By the Type
Reconstruction Theorem 1, T'Fyp (P, C, Sy) :: bool.

(b) => (¢): This follows from the form of the type inference rules and the
principal types of the “operations” (—), (X), (=) and (, ).
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(¢c) = (a): Assume T' < T" for which (c1), (¢2) and (¢3) holds. Then it
is easy to see that T" by (P, C, Sy) :: bool. Then, the Type Reconstruction
Theorem 1 ensures TR(T, (P,C,S4)) = ((—)", E)) and o € TSol(E) such

that To; = T’ and 70, = bool. In particular, G is well-typed because
TSol(E) # 0. O

Proof of Lemma 14:
Item 1: To show the inclusion, let us assume (R,6) € WTSol(G). Then
04 € Sol(G) and also: (a) dom(R) C ran(6y) \ dom(T), (b) 6, € TSol(S,),
() (T, UR) Fyr X6, = T(X),, for all X € dom(T). To show (R,6) €
WTSol(G) we need: (a') dom(R) C ran(8,) \ dom(T), (b') 6; € TSol(S;), (¢')
(TO,UR) byr X6y :: T(X)8,, for all X € dom(T). By construction of G from
G, we have T' = T4, where &, = mgu(S;, E). Then (a) <= (&) and (b) =
(b’). Moreover, (b) also implies 6; = 6,0;, which entails 10, = T6,0, = TO,
and also T(X)0, = T(X)6,0, = T(X)0, for all X € dom(T) = dom(T). This
being the case, (¢) <= (/).

To show that the opposite inclusion can fail, consider G' # G given as
follows:

G=0o XIXsIX [YIYsl] o0 ol o{X:q Xs:: [B], Y::q,
Ys:: [5]}
G=0o XIXsIX [YI¥sl o0 o f~a o {XY:a Xs,Ys:: [a]}

Then, with the substitutions 6, = {« + nat, [ + bool} and 0; = {X > z,

~

Xs — [truel,Y — z,Ys — [truel} we get (0,0) € WTSol(G)\ WTSol(G).

Item 2: Assume (a X b) € C. Since G is well-typed and G = G, there must
be some 7 € Type such that (a) T Fyra:: 7and T Fyr b o 7. On the other
hand, since (R,0) € WTSol(G), we have (b) (T0; U R) Fwr X0, :: T(X)0;,
for all X € var(a)Uwvar(b). Now, (a), (b) match the hypothesis of Lemma 3
(with T as To and 70, U R as T}) and we can conclude (70, U R) Fyr afy
70, and (760, U R) Fwr b0y :: 76;. An analogous reasoning can be made for
(e »t)e Pand (X =~ t) € 9.

To show that the result can fail if G # G, consider G, G and 6 as in
the previous item. Then (0,0) € WTSol(G), but T, = {X,Y :: nat; Xs, Ys ::
[booll} Hwr ([XI1Xs] X [Y|Ys])0,; = [zltrue] X [z]|true]. O
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6.5 Proofs of Results from Subsection 4.2

Proof of Theorem 4: We rely on some basic facts from computability the-
ory, which can be found in textbooks such as [8]. In particular, we recall the
following well-known, undecidable problem K: given a natural number n,
tell if ¢, (n)] holds. Here, the notation ¢, (n)| means that the computable
function ¢, with index n eventually halts when given n itself as argument.

Using the type nat and the constructors z, s from Example 2, it is possible
to write a well-typed simple program P including defining rules for a function
halt :: nat — nat such that, for all n € N, one has:

o If p,(n) halts in k steps, the evaluation of halt (s” z) w.r.t. P computes
the result s* z.

o If p,(n) does not halt, the evaluation of halt (s" z) w.r.t. P does not
terminate, but computes the potentially infinite result s(s(s(s(s... .

In the two items above, the notation s™ z refers to the natural representation
of n € N using the data constructors z and s. Building the program P so that
halt behaves as described is possible, because simple CRWL programs are
powerful enough to simulate Turing machines (or any other Turing-complete
computation model). We omit the tedious proof of this claim, that would
follow well-known techniques from computability theory.

To continue with our proof, let us assume that program P is expanded
to include the defining rules for the functions tail and second, as given in
Example 2, as well as the following defining rules for four new functions:

oh, fefo :: nat — (o — )

ohN — fefo (haltN) < () o {N :: nat}
fefoz — snd (tail [truel) < 0 o 0
fefo (sN) — fefoN <« () o {N :: nat}

ah, fefa :: nat — (o — o)

ahN — fefa (haltN) < () o {N :: nat}
fefaz — snd (tail [z]) <= 0 o 0
fefa (sN) — fefaN <« () o {N :: nat}

Finally, let G,, be the simple goal ) O oh (s"z) Mah (s"z) o () o { o 0.
Due to the behaviour of the function halt w.r.t. program P, the following
equivalences hold for any natural number n: ¢,(n)|] <= 3k € N such
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that ¢, (n) halts in k steps <= solving G,, w.r.t. P using CLNC eventually
leads to an opaque decomposition step.

In fact, in case that ¢, (n)], solving G,, eventually leads to solving the goal
snd (tail [truel]) X snd (tail [z]), which needs opaque decomposition;
and in the case that ¢,(n)]| does not halt, solving G,, gives rise to a non-
terminating CLNC computation without opaque decompositions. With this
we have shown that K can be reduced to the simple restriction of ODP,
which is thus undecidable. a

6.6 Proofs of Results from Subsection 4.3

Proof of Lemma 15: Assume TR(T,S;) = (—, F). Since G is the type
closure of G, we know that: (a) 6; = mgu(S,, E), (b) T = Té,. By Def-
inition 12, (0, (6;,04)) is a well-typed solution of G and G iff the following
four conditions are satisfied: (c) 6; € TSol(S;), (d) Ty Fwr Xog :: 764, for
all (X 7)) eT, ()6, € TSol(Sy), (&) T6:6¢ Fwr Xog 2 76,64, for all
(X ::7) € T. Note that (d’) can be stated like this because of (b). Moreover,
(c) holds because of (a), (¢/) holds because Sy is the set of equations in solved
form representing 4, and (d), (d’) are equivalent because g, is idempotent.
In order to prove (d) we distinguish two cases:

X ¢ dom(oq): Then Xoz = X and (d) holds because of the type inference
rule VR.

X € dom(og): Then Xoyz =t for some t such that (X ~ t) € S;. Because
of Lemma 13, T6; Fwr t = (T64)(X). Since t = Xoy and (T6,)(X) =
T(X)6y = 76y, (d) is proved. 0

Proof of Lemma 16: To prove the lemma, we consider the CLNC trans-
formation rules one by one. In each case, we assume that G and G’ are exactly
as they appear in the presentation of the CLNC given in Subsection 4.2.

G’ is admissible: For each CLNC rule, we can prove the preservation of the
admissibility conditions LN, EX, NC and SL as in the first-order case [18].

In the sequel, we will use the notation 77 W To W ... W T} to express the union
of k > 2 type environments with pairwise disjoint domains.

Rules for the Unsolved Part
(ID) (a) Because of (R,0) € WTSol(G") we know:
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. 04 € Sol(Sapa, X =~ h'V,,) with pg = {X — hV,,}.

dom(R) C (ran(6y) \ dom((Vy, :: T, T)0}).

. P |_GORC (P O Ep = l_)p,C)pdé’d.

0r € TSol(S}) with o = mgu(S;, T~ 7'), where (h = Ty — T) €par 2
and T'(X) = 7.

~ J—

(Vi = T, T)o0: U R) Fwr Y o (Vi = T, T)o?)(Y)6; must hold,

for all Y € dom((V p, 2 T, T)0}).

Therefore, it holds that:

(D)
(T)
(E)

ded = Qd by 1.

00, = 0, and 6,0, = o] by 4.

J— A

Since the variables of {V i T} are fresh, dpm((Vm . fm’T)Oé) =
{Vim} W dom(T). Moreover, (T) implies that T'o; = T'oy, Toy0, = T6;
and (V. &2 T, T)010; = {V i 2t Ty} W T6,.

Now we prove that ({V,, :: T0: } U R, 0) € WTSol(G):

0, € SOl(Sd), by 1 and (D)

dom({V = T} UR) C (ran(by) \ dom(T)), by (E) and 2.

P tFgore (P 0o X @, < X b, C)f;: By 3 and (D), for i € {1,...,p}
P |_GORC (ai = bl)@, then P |_GORC (h Vm Ep = h Vm bp)ﬁd._ Since
X(gd = Xpded = (h Vm)ed, we obtain that P l_GORC (X Ep = X bp)ed.

6, € TSol(S,), because 4 implies 6, € TSol(S}) C TSol(S;) € TSol(S;).
(TO, UV, it Trnb} UR) By YOy T(Y)O, for all Y € dom(T) C

dom((V , :: T, T)ol), by (E) and 5.

(b) To obtain that G’ is also well-typed, we only need to prove:

1]

(Vo T T Fr (X & @Vm) :: bool: Because of (Vi @,T)
Fwr X o 7 (Vi o ?m,T)_I—WT h V. it 7 and Lemma 4, (Vi =
Tm, D)oy Fwr X 2 7oy and (V,, 2 T, T)oy Fwr bV, o 7o} More-

over, 7o, = 7’0} by 4.
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2]

(Vi 22 T, 1)l Fiwr (P, C, Sq)pa = bool: This follows from T Fypp
(P, C Sd) bool by applying Lemma 3 with Ty = T, T = (Vi
Tm, T)o), 0, = 0}, 04 = pg. This is possible by [1].

3] Forie {1,...,p} (Vi :: T, T)ol Fwr (a; < b;)pg :: bool: Since G is
well-typed, T Fyr (X @, < X b,) :: bool. Thanks to [1], we can apply
Lemma 3 with Ty = T, T} = (Vo ?m,T)ag, o = 0y, 04 = pg and
we obtain (V,, :: T, )0} Fwr (X @, =< X by)pg :: bool, which can be
rewritten as (V,, it T, T)ag Fwr (W V@, < h'V,, b,)pa :: bool. Since
we are assuming a transparent step, h must be (m + p)-transparent.
Then, we can apply Lemma 7 to obtain types u;, i € {1,...,p} such
that (V,, Tm,T)O't Fwr aipq i iz bipg.

(DC1) (a) Because of (R,0) € WTSol(G") we know:
1. 04 € Sol(Sy).
2. dom(R) C (ran(by) \ dom(T)).
3. Plraorc (P O Gy < by, O)0,.
4. 0, € TSol(S}).
5. (TOUR) Fwr Y0, :: T(Y )0 must hold, for all Y € dom(T).

(R,0) € WTSol(G): Ptgorc (P 0 h@y, < hb,,, C)fy follows easily from 3.
Moreover, S;, S; and T are not modified.

(b) G well-typed implies, in particular, that T Fwr (P,C,S,) :: bool and
T Fwr (R@y, < hby,) i bool. Therefore, G’ is well-typed, if we can prove that
T Fwr (a; < b;) :: bool, for ¢ € {1,. ..,m}. Since T' (h @y < hby,)
bool and we are assuming a transparent step, h must be m-transparent. By
Lemma 7, there exist types 7; for all © € {1,...,m} such that T Fwr ai
7; =2 b;, which implies T Fwr (a; < b;) :: bool.

(BD) (a) Because of (R,0) € WTSol(G') we know:
1. 04 € Sol(Sypa, X =~ s) with pg = {X + s}.
2. dom(R) C (ran(8y) \ dom(Tc}).
3. Plraorc (P O @ < by, C)paba.
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4.

d.

0, € TSol(S}), oy = mgu(S;, T ~ 7') with PA(T,s b;) = (s" =),
T(X)=r.

(To}0; UR) Fywr Y6y = (To})(Y)6, must hold, for all Y € dom(Ta}).

Therefore, it holds that:

(D)
(T)
(E)

ded = Qd by 1.
O';et = 9t and (3}0'2 = O'; by 4.

To, = To, and To}, = T6, using (T).

Now we prove that (R,0) € WTSol(G):

4 € Sol(S4), by 1 and (D).
dom(R) C ran(fy) \ dom(T), by (E) and 2.

P Fgore (P 0 X @ < s by, C)f;: By 3 and (D), for i € {1,...,k}
P l_GORC (ai = bi)ed, then P l_GORC (S ap < S_bk)ed. Since X(gd =
X paby = sb,, we obtain that P Fgore (X @ =< s bg)0y.

0, € TSol(S,), because 4 implies TSol(S) C TSol(S;) C TSol(Sy).

(TO, UR) Fwr Yl - T(Y)0, for all Y € dom(T'), because of (E) and
D.

(b) To obtain that G’ is also well-typed, we only need to prove:

1]

Tol Fwr (X = s) ::bool: Because of T byp X =7, T Fyp s = 7'
and Lemma 4, To}, Fwr X 2 7o, and To, Fwr s 2 7'o;. Moreover,
To, = 70, by 4.

Tol Fwr (P,C, Sg)pq :: bool: This follows from T Fwr (P,C,Sq)
bool by applying the Lemma 3 with 7y = T, T} = To,, oy = oy,
o4 = pg. This is possible by [1].

Forie {1,....k}, To, Fwr (a; = b;)pa = bool: Since G is well-typed,
T Fwr (X @ =< sby) = bool. Applying Lemma 3 as in [2], we can
deduce TU; Fwr (X @ < s bg)pg :: bool, which can be rewritten as
Tag Fwr (5@ < sby)pa :: bool, where s must have the form ht,, due to
the assumptions of (BD). Since we are assuming a transparent step, h
must be (m + k)-transparent. Then, we can apply Lemma 7 to obtain
types 7, ¢ € {1,...,k} such that Tag Fwr aipa T i bipa.
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(IM) (a) Because of (R,0) € WTSol(G") we know:

—_

04 € Sol(Syps, X =~ h'V,,) with pg={X — hV,,}.

. dom(R) C ran(8y) \ dom((V :: T, T) ).
. ’P l_GORC (P O Vm dk = Em Bk, C),Oded

0r € TSol(S}), with oy = mgu(Sy, T~ 7'), where (h i1 Ty — T) Epar O
and T'(X) = 7.

A~ J—

(Vi = T, TV U R) Fyr YOy 2 (Vi 2 Ty T) o) (V)6 must hold,

J— A

for all Y € dom((V ., ©: T, T)0y).

Therefore, it holds that:

(D)
(T)
(E)

ded = Qd by 1.

O';et = 9t and (3}0'2 = O'; by 4.

J— A

Since the variables of {Vo & T} are fresh, dom((V 2 T, T)of) =
{Vim} W dom(T). Moreover, (T) implies that T'o; = T'oy, Toy0, = T6;
and (V. &2 T, T)010; = {V i 2t Ty} W T6,.

Now we prove that ({V,, :: Tp0:} U R, 0) € WTSol(G):

0, € Sol(Sy), by 1 and (D).

dom({V, = T} U R) C ran(6,) \ dom(T), by (E) and 2.

P Feorc (P o Xa, < hey, by, C)0s: By 3 and (D), fori € {1,...,k}
P l_GORC (ai = bi)ed; fOI‘j S {1, . ..,m} P l_GORC (VJ = €j>9d7 then
P l_GORC (h Vm ay < hém Bk)ed Since X@d = Xpded = (h Vm)ed, we
obtain that P I_GORC’ (X ap =< hém l_)k)ﬁd

0, € TSol(S,), because 4 implies TSol(S}) C TSol(S;) € TSol(S,).
(TO, U{V =t Tip} UR) Fyr YOy 2 T(Y)G, for all Y € dom(T) C

dom((V , :: T, T)0?), by (E) and 5.

(b) To obtain that G’ is also well-typed, we only need to prove:
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A J— J—

(1] (Vi T, T)o) Fwr (X = hV,,):bool: Because of (V, = T, T)

Fwr X o T (Vi = ?m,T)I_—WT hvn} 7 and Lemma 4, (Vi =
Tms, 1oy Fwr X o 7'oy and (Vo =2 Ty, T)oy Fwr B Vo, o oy More-
over, 7o, = 7’0} by 4.

A

2] (Vo i: T, )0} Fwr (P, C, Sq)pa :: bool: Analogous to [2] of rule (BD).

J— A

3] For i € {1,...;k} (Vo 2 T, T)oy Fwr (ai < bi)pg 2 bool and
forj € {1,...,m} (V,, = Fm,T)al{ Fwr (V; < ej)pq :: bool: Since G is
well-typed, T' by (X@x =< hen,by) = bool. Thanks to [1], we can apply
Lemma 3 with Ty =T, Ty = (Vo ?m,T)ag, oy = 0y, 04 = pg and we
obtain (V,, :: Fm,T)ag Fwr (X @ < h &y, by)pa 2 bool, which can be
rewritten as (V,, i T, T)al{ Fwr (h Vo @ < h €y, by)pg 2 bool. Since
we are assuming a transparent step, h must be (m + k)-transparent.
Then, we can apply Lemma 7 to obtain types u;, i € {1,...,k} and

vi, 3 €{1,...,m} such that (V,, :: T, T) o] Fwr aipa = pi = bipg and

(Vi Fm,T)ag Fwr Vipa @ v ejpa. Moreover, Vipg = Vj, for all
jed{l,....,m}.
(NR1) (a) Because of (R,0) € WTSol(G") we know:
1. 04 € Sol(Sy).
2. dom(R) C ran(fy) \ dom(TUT’") and (ft, —»r<=C" 0 T') €y P.
3. Pteorc (€n — tn, P O O ra;, < b,C)b,.
4. 0, € TSol(S)).

5. (TUTY0, UR) Fwr YO, = (TUT')(Y)6; must hold, for all YV €
dom(T UT").

Since all the variables in 7" are fresh, it holds that:
(E) TUT' =TWT and (TUT")0, = (TO, & T'0,).

Now we prove that (76, U R,0) € WTSol(G). Since S; and Sy are not
modified, we only need to prove that:

e dom(T'0; U R) C (ran(0,) \ dom(T)), by (E) and 2.
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(T6; UT'9, UR) = (T UT0, UR) Fuwr Y4 = T(Y)8; for all Y €
dom(T') C dom(T'UT"), by (E) and 5.

o P l_GORC (P O fén ay < b, C)Gd P l_GORC P@d and P l_GORC Ced are

(b)

..

obvious by 3. Moreover, 3 also implies that (a): P Feorc (e; — t;)04,
(b): P Feorc C'8y and (¢): P Feore (rag < b)0y <= There exists a
total pattern ¢ such that (d): P Fgore (rax)8s — t and (e): P Fgore
bdy — t. With (a), (b) and (d) we obtain that P Fgore (f€,ax)0a — t,
this fact and (e) implies that P Fgore (f €, ar < b)0,.

(ftn > 1r <= C'" 0T) € P implies that T by t; 2 7, for i €

onh T'bwrr o7, T bywr C" ibool and TV Fyr f =2 7 — 7. To

prove that G’ is also well-typed, we apply Lemma 13(b), finding A, € T:Sub

A

such that (T"A\, T) Fwr G'.

1]

A

Independently of the choice of A, (T"A, T) Fwr (P,C,C",Sy) :: bool
follows from Lemma 4, because G and (f ¢, — r < C' o T') are
well-typed.

We still have to deal with the rest of G’, namely e; — t;, for i €
{1,...,n} and r @, =< b. Because T Fwr G, we know that T Fwr
(f e, ap < b) :: bool, and there must exist types v;, p;, p such that
T Fwr e v, fori € {1,...,n}, T Fwr aj = py, for j € {1,...,k},
T Fwrb wand (7, — O, — p) > 7, — 7. We choose A\, € TSub
such that (7, — 7))\, = (7, — T, — ). Therefore, v; = 7; ), for i €

A~

{1,...,n}, and 7\, = (fi, — p). Due to Lemma 4, (T')\,T) Fwr t;

~

TiAt = v;, and hence (T'A;, T') Fwr (e; — ;) :: bool, for i € {1,...,n}.
Also because of Lemma 4, (T'\;,T) Fwr r = Ay = (@, — p), which

~ A

implies (T"A\, T) Fwr rax 2 p 2 b and hence (T'A\y, T') Fwr (rag < b)
bool.

(GN) (a) Because of (R,0) € WTSol(G") we know:

1.

2.

3.

0, € SOl(Sd,Od,X ~ ffp), with Pd = {X — f%p}

dom(R) C ran(8g) \ dom((TUT")o}) and (f,5, = r <= C' O T') Epar
P.

P Fcorc (éq — Sg, P O C/,Tak = b, C)pded.
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4.

D.

0r € TSol(S;) with o} = mgu(Sy, 7 ~ T, — 7) where 7' = T(X) and
(f =Tp = ANy = T) Epar 2.

(T U T")010, U R) Fwr Y04 (T'U T")(Y)o,6, must hold, for all
Y € dom((TUT)oy).

Therefore, it holds that:

(D)
(T)
(E)

ded = Qd by 1.
O';et = 9t and (3}0'2 = O'; by 4.

Since all the variables in 7" are fresh, TU T"=TwT'. Moreover, (T)
implies that (TTUT")o, = (T UT")o; and (T'UT")o,0, = (T0, UT'6,).

Now we prove that (76, U R, 0) € WTSol(G):

04 € Sol(S4), by 1 and (D).
dom(T'0; U R) C (ran(0y) \ dom(T)), by (E) and 2.

P Feore (P o Xega, <b,C)0,: By 3 and (D), we have (a): P Feore
C’@d, (b) P Fcorc (ej — Sj)ed, fOI‘j € {1, .. .,q}, and (C)Z P Fcorc
(ray < b)0; <= There exists a total pattern ¢ such that (d): P Fgorce
(rag)fs — t and (e): P Fgore b8y — t. By (a), (b), (d) and X6, =
Xpiba = (f t,)04, we have that P Feore (X €, ax)0q — t. Therefore,
by (e) we conclude that P Fgore (X €, ar < b)b,.

0, € TSol(S,), because 4 implies TSol(S}) C TSol(S;) C TSol(Sy).

(TO,UT'0,UR) Fyr Y0, :: T(Y)0, for all Y € dom(T) C dom(T UT"),
because (E) and 5.

(b) Since (ft,5, > r<C" 0 T') €y P is a fresh variant of a well-typed
frule and (f :: 7, — Ay — T) €ypar %, we have that for [ € {1,...,p}:
T Fwrty =om; forj e {1,...,¢} T Fwr s; = A T Fwp v o 7 and
T Fwr C' - bool. To obtain that G’ is also well-typed, we need to prove:

1]

(T",T)o} Fwr (X ~ f1,) = bool: Because of T Fyp X = 7/ and T

t
Fwr ft, o (A, — 7) and Lemma 4, (7", 7)o, Fwr X :: 7'0; and
T o/
t

(T", 7)o, Fwr f 1,2 (\y — 7)ol Moreover, 70} = (A, — 7)o, by 4.
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2] (T’,f)a; Fwr (P,C",C, Sq)pq :: bool: This follows by Lemma 3 from
(T",T) Fwr (P,C,C", Sy) :: bool, which can be applied because of [1].

3] Because T' Fyr G, we know that 7' Fyr (X €, @ = b) :: bool, and
there must exist types v;, pj, p such that T Fwr e v;, for i €
{1,...,q}, T Fwr a; = py, for jo€ {1,... k}, T Fwr b pand
Ty — My — 1) = T(X) = 7. By 4, 70, = (N, — 7)o}, ie., (T, —
i, — p)o, = (N, — 7)o;. Therefore, v,0; = \oy, for i € {1,...,q},
and To; = (i, — p)o;. Using Lemma 3 (which can be applied thanks

A

to [1]) we get (1", T)o; Fwr e;pa = vioy, (T’,T)ag Fwr Sipa Aoy for

A

i€{l,...,q}. Since y;o, = N0}, we obtain (T", T)o; Fwr (e; — $i)pa

'~

bool. Applying again Lemma 3, we get now (1",7)o; Fwr a;pa = 10},
(T',T)0} Fwr bpa : poy and (T",T)ol Fwr rpg = Tol = (I, — )0,
Hence (1", T)o;, Fwr (rax, < b)pg :: bool.

(GD) (a) Because of (R,0) € WTSol(G') we know:

1. 04 € Sol(Sapa, X =~ AV, Y = hW,,_,) where pg = {X — hV,,_,,
Y= hW_,}.

2. dom(R) C ran(0y) \ dom(({Vm—p = Tmpt U{W g = T7m_g } UT)0)).
3. P l_GORC (P O mep Ep = Wm,q Eq, C),Oded

4. 0, € TSol(S;) with o] = mgu(S,, 7 ~ N, — 7, 7" ~ Ny — 7)),
where 7" = T(X), 7" = T(Y), (h =t Ty — Np = 7)) Epar L and

(h: T g = Ny = 7)) Evar X

5. (Thoiby U R) Fwr Z04 2 Th(Z)oy0; must hold, for all Z € dom(Tyay),
where Ty :={V & T p b U{W g = 77 S UT.

Therefore, it holds that:
(D) ded = Qd by 1.
(T) 0,0, = 60, and 6,0, = o, by 4.

(E) Since the variables of {Viy,—p == T/mp} U{Wp_g == 7"m_g} are fresh,
dom(Ty) ={Vy—p} W {W,—y} W dom(T). Moreover, by (T), 110, =
Vop i T} W AW,y o 70t} W T6; and Tag =Toaj.
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We prove that ({V,_p it T/ p0i JU{W oy =2 T g0} U R, 0) € WTSol(G):

0, € SOl(Sd), by 1 and (D)

dom({V pm—p = T p0i Y U{W g 2 T 0 YU R) C (ran(6y) \ dom(T)),
by (E) and 2.

P |_GORC (P O Xap = Yl_)q, C)le P I_GORC’ (hvm;pap = th_ng)Qd
because of 3 and (D), but X0; = Xpaby = (h Vimp)ba and YO, =
Ypaba = (h W p,—)04, therefore P tgore (X @y <Y by)04.

0, € TSol(S,), because 4 implies TSol(S}) C TSol(S;) C TSol(Sy).

Since (T@tU{Vm p - ’7' m— pet} U {Wm q- Fm,qet}UR) = (TletUR),
then (116, U R) bwr Z04 :: T(Z)0; for all Z € dom(T) C dom(T1),
because of (E) and 5.

(b) Let us assume p > ¢; the case p < ¢ is symmetrical. To show that G’ is
well-typed, we prove [1], [2], [3] and [4].

1]

Tio; Fwr (X =~ th ) bool: Using Ty Fyr h Vo, p 2 (N — 1),
Ty Fwr X :: 7 and Lemma 4, we obtain Tlat Fwr X = 7'o; and
Tiol Fwr h Vit (N, — 7)o, Moreover, 7'0} = (N, — 74)0; by 4.

Tio, Fwr (Y =~ hW,,_,) :: bool: The proof is similar to [1], using the

facts Tho, Fwr Y = 7"0; and Tio] by h W, _g = = (W, — 18)o} and

ot = (Vg — 7)ot

Tio; Fwr (P,C,S4)pg :: bool: This follows from Ty Fyr (P,C,Sy)
bool, by Lemma 3, which can be applied because of [1], [2].

Tio, wr (Vip @y < Wi by)pa :: bool: We show this by proving
three things:

(a) Tyo, Fwr (V; < W;)pg = bool, j € {1,...,(m —p)}.

(b) Thoi Fwr (az Win— p+l)pd bool, i € {1 Sp—a)}

(¢) Thvop Fwr (@p—gik X br)pa : bool, k € {1,. q}.
Proof of (a), (b), (c): Since G is well-typed, Ti Fwr (X @, < Y b,) ::

bool. Using Lemma 3 (which is applicable because of [1], [2]) we obtain
Tio, Fwr (X @, <Y b ¢)Pa - bool, which can be rewritten as Tio] Fyr
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(hvm,pap = th,qu) pa : bool. Since we are assuming a transparent
CLNC step, h must be m-transparent. Then, we can apply Lemma 7
to obtain types v;, for j € {1,...,(m—p)}, w, fori € {1,...,(p—q)}
and A, for k € {1,...,q} such that Tho; Fwr Vj pa 2 vy =2 Wpa,
Tvo, Fwr aipa i =2 Win—pripa and Thoy Fwr ap—girpa == A 22 bepa-

(CF1), (CY) Analogously to [18], it is easy to prove that Sol(G) = ()
whenever these rules are applicable.

Rules for the Delayed Part

We prove only the correctness of (EL). For the other rules in this part, the
proofs of related rules in the solved part can be easily adapted.

(EL) (a) It is clear that (R,0") € WTSol(G), where 0, = 6,, X0, = L and
Y0, = Y0, for all variables Y # X. Note that X0, = L is allowed because
X is a produced variable in G. Being produced, X is also existential, and

then (R,0") € WTSol(G) implies (R,0) €., WTSol(G).
(b) If G is well-typed then G’ is also well-typed. O

Proof of Lemma 17: We organize our reasoning in two stages. First, we

~

use the fact that M is a witness of (R, 0) € TASol(G) to find a CLNC rule
TR which acts as a candidate to transform G into G’ as required by the
lemma. This part of the proof ignores types and is performed by a case
analysis. For each candidate rule TR, the second stage of our reasoning uses
the type information present in M to show that TR can be actually applied
to G (which may involve dynamic type checking) and to build a smaller
type-annotated M’ <1 M witnessing (R',0') € TASol(G'), for some suitable
(R',0) ~. (R,0). In each case, § and M’ must be built explicitly, but
the construction of R’ and the reasoning which proves G’ well-typed can be
left implicit. This is because the type annotation within M’ implies well-
typedness of G', and R’ can be defined as the set of all type assumptions
X = 7 such that X7 occurs in M’, but X & dom(T’0, U R).

In what follows, items 1, 2, etc. enumerate the cases in our main case
distinction. Subcases are indicated by a similar notation, as 1.2, 1.2.1,
etc. When performing the second stages of our reasoning for each particular
CLNC rule TR, we will assume that G and G’ are written with exactly the
same notation used in the presentation of CLNC in Subsection 4.2. In several
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cases, we will leave out proof details which are easy to complete, or similar
to the reasonings already performed for some other cases.

Let us now start our case analysis. By the One-step Soundness Lemma 16,
we can ignore the failure rules, because G is solvable. Moreover, we can
assume that the (P o C) part of G is nor empty, because G is not solved.

1 Assume that G satisfies the condition:

There is some (a < b) € C such that neither
a nor b are headed by a produced variable.

Choose one such a =< b and continue the case analysis as follows:

1.1 a, b are both rigid and passive expressions. In this case TR is DC1,
a = h @y, b = hby The principal type annotation of G must include

W =T gl = B m—T E:nm. The witness M must include a type-annotated
GORC-proof

My = (TT~s Km0 g, g7m0 7" &

I~ BT =700 7m0 47" (IN)
where
A
o 7 =7 =T — 70 = (T — 7)0;
o M= (... &I~ abj% — ¢ & ..)+(DC)
o I = (... &I~ b0 " 7 & ...)+(DC)

Clearly, DC1 can be applied to G. Moreover, considering the type-annotated
GORC-proofs II/ = (II; & II))+(JN) ~» aié’;iﬁ = bﬂ;{/ (1 <i < m)and
M =gop (M {{TT}}) w {{I17, ..., T1”,}}, we see that (R',0) € TASol(G)
with type-annotated witness M’ < M.

1.2 a is a flexible expression, while b is a rigid and passive expression. Due
to I, the variable X occurring as the head of a is not produced. Moreover,
X603 must be a rigid pattern. We distinguish three different subcases:

1.2.1 a = X @, aly = ht,, ayb, is rigid and passive, b = h 3, by, and
s = h’'s,, is a pattern. In this case TR is BD. The principal type annotation
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A . 7 7 T N Vg .
of G must include X7+~ @* < (h#'m=k=v gpm Ve b " The witness M

must include a type-annotated GORC-proof

HO _ (H ~ Xe;ﬁkﬁy)at akezket N t]/// & H/ ~
(RW m=V k=05 gm0y (Fi—w)60 gkl "y | (TN

where

" 77 77 " _H‘” "
v —V —V k
o 1V = hH mTVIRTVIE T,

o (a) V' — V"

= (Pk — 1/)915 = <7k — I/)@t
o M= (.. &I~ a;07 —u &..)+(DC)

o II'=(... &I~ bﬂ;y — u;';/ & ...)+(DC)

In particular, (a) shows that 6, unifies the types attached to X and s in the
principal type annotation of G. Since 6, is also solution of S;, the dynamic
type checking condition of BD succeeds and BD can actually be applied to
transform G into G’. Reasoning as in Lemma 16, 6; = 0,0, and 6; = ps0,.
Taking these identities into account, it is clear that M’<1M built as indicated
below is a type-annotated witness of (R',6) € TASol(G"): M’ =45 (M \

{{Io}}) w {{11Y, ..., TI/}} where ITY = (IT; & IT;)+(IN) ~ a0, < b;0;; .

1.2.2 a = X ay, aby = hi,, @0, is rigid and passive, b = h €, b, and hém
is not a pattern. In this case TR is IM. The principal type annotation of G
must include X7+~ @ * = (hﬁmﬁykﬁ” é%m)ka” Ez/k. The witness M must

include a type-annotated GORC-proof
Iy = (IT ~ e Gl fgm EkQZ’“et — 1" &
I ~s W=V k=g gh/mbe e vy (N

where

" 77 77 " _H‘” "
v —V —V k
o 1V = h mTVIRTVIE M,

i (a) M//mﬁmk—)V/,:mm_)(vk_)V)et:(ﬁmﬁyk—)y)et
e =(.. &M~ -t & T~ a6y —u &..)+(DC)
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o H’):( () & A ~ eié’ggl — tfgl... & G~ bjé’sg/ — u?l &
...)+(DC

In particular, the existence of these proofs implies the condition X ¢
svar(h €,,) needed for the application of IM. Moreover, the type i/, —
V'), — v must be an instance of the type 7,, — 7 taken as a fresh variant of
h’s principal type in the formulation of IM. Therefore, we can choose some
pi € TSub such that (b) i/, — vy — v = (T, — 7)p;. Consider now the
substitution 6’ = (6}, ¢/,) such that

o 0; = piltvar (T — 7)] and 0 = 6:[\tvar (7, — 7))
o V.0, =1, and 0, = 04\V,,].

Note that 6’ ~., 6. Moreover, (a) and (b) imply that 6, is a unifier of
U — v (i.e. the type 7" of X in T) and 7. Moreover, ¢ is a solution of S,
because 0 = 0,[tvar(S,)]. Therefore, the dynamic type checking condition of
IM succeeds and IM can be used to transform G into G’. Finally, consider

M AM built as M’ =4 M\ {{Ilo} })W{{A],..., AV I}, ... II}}} where
o AV = (A; & AD+(IN) ~ Vi < 047
o I = (IL; & 1)+ (IN) ~ ;67 = b6y

Taking into account the construction of ¢ it is easy to check that M’ is a
type-annotated witness of (R',0) € TASol(G").

1.2.3 afy is rigid and active. In this case X0y = f ¥/, for some f € FS"
with p < n. Taking ¢ = n —p > 0, we can assume a = X ¢, a, and
aby = ft',€,0qa,04. Let us choose GN as TR. The principal type annotation
of G must include (a) X7e %7 2> = b°. In the formulation of GN, we
find 77 = T(X) and a fresh variant f :: 7, — A\, — 7 of f’s principal type.
Therefore, 7" = U, — &, — . Moreover, the witness M must include a
type-annotated GORC-proof of (a) using some type-annotated instance of
some fresh variant (f ¢,5, — r < C" 0 T") of a rule of P. Let w = (w, wy)
be the substitution which builds the instance of this rule used in the witness.
Then, M will include the following type-annotated GORC-proof

_ _ S Y
HO _ (H ~ f’rpwt—>(1/q—>ek—>a)6t t,qp t eqegq t akeflk@t _ taé’t &

I ~ b0 — ) +(IN)

92



where t # 1 is some pattern, and

) ) 0 s
II = ( L& Az > t;ﬂwt — tiwgwt L& Hj i 6]'(92] — sjwdjwt &

& My~ C,WSOOI &I ~s Twzlwt Ekesket _ tfaf)+(OR)

Since the previous proofs are type-annotated, the following type identities

must hold: (b) A\w: =7,0;, (¢) Twy = (Ex — €)0:. Consider now the substi-
tution ' = (6;,0)) such that

o 0, = wi[dom(w;)] and 0] = 0,[\ dom(wy)].
o 0, = wy[dom(wy)] and 0/, = 04\ dom(wy)].

By construction, 6" ~., 6. Because of (b) and (c) 6] is a unifier of 7, —
g — cand \, — 7. Moreover, 8, = 6,[tvar(S,)] implies 8, € TSol(S;).
Therefore, the dynamic type checking condition of GN succeeds and GN
can be used to transform G into G’. To finish this case, we need a type-
annotated M’ < M witnessing (R',6') € TASol(G"). Taking into account
the construction of @', it is easy to check that the following M’ does the job:
M =4ep M\ {{IIh}}) & Mow {{II;,...,II,,II"}} where II"" = (II"” & IT")
+(IN) ~ rwl @0 =< b0

1.3 Both a and b are flexible expressions. In this case we distinguish four
subcases.

1.3.1 a= Xa, and b = X b, where af; (and thus bf,) is a rigid and passive.
This case can be handled by taking ID as TR.

1.3.2 a and b are two different variables, say X and Y. This case can be
handled by choosing TR as BD, with £k = 0 and s = Y. In this simple
situation, BD needs no dynamic type checking.

1.3.3 a=Xa,and b= Yl_)q where X and Y are different variables and a6,
bf; are both rigid and passive. Without loss of generality, we can assume
p > q. The witness must include a GORC proof of (a < b)6,. This is possible
only if X6, and Y0, are patterns of the forms ht,,_, and h3s,,_,, respectively.
Moreover, since p > ¢ implies m—p < m—gq, the sequence ¢,,_, must coincide
with the m — p first patterns in the sequence s,,_,. Moreover, the GORC
proof of (a =< b)f; must end with a JN inference with two premises of the
form aby — ht,,—, T, and b0y — hS,,—, U, (where ht,,_, u, and hS,,_, 7,
are identical patterns), each of them proved by a DC inference. Taking all
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these ideas into account, this case can be completed by choosing GD as TR
and exploiting the type information included in M. We omit the detailed
reasoning, which would be somewhat similar to that of case 1.2.2.

1.3.4 af, is rigid and active. Let X be the variable occurring as the head
of a. As in case 1.2.3, X6, must be a pattern f ¢, for some f € FS"
with p < n. Taking ¢ = n —p > 0, we can assume a = X ¢, a; and
aby = f ?p €,04 a0, Note that the assumption “b rigid and passive” in case
1.2.3 has been actually not used in our proof for this case. Therefore, the
same proof can be reused to complete the present case, choosing GN as TR.

1.4 a is rigid and active expression. In this case, we can assume a = f €, a;
for some f € FS" with £ > 0. The GORC proof of (a =< b)f, included in
M must involved an OR-inference using some type-annotated instance of a
freshly renamed program rule Rl : (ft, —r < C' 0 T") €44y P, build with
a well-typed substitution w = (wy,wq). More precisely, the principal type
annotation of G must include f¥»~%—°& G* < b° while M must include a
type-annotated GORC-proof

I, = (H ~s f(ﬁn—@k—w)ﬁt énedﬂn% akezk% N taé’t &I~ bezet N tth)
+(JN)

where t # 1 is some pattern, and

M= (... &I~ ey — t;wi“ & ... & Mo~ C'Wi*r &
"~ rwl @3 — %)+ (OR)
Note that II must be built using the w instance of the principal type anno-
tation of RI, which we assume to be (f" =7 " — r7 <« (™). Since I,
is a type-annotated proof, the type identity (7,, — 7)w; = (¥, — &k — €)b;
must hold. The rest of this case can be completed by choosing NR1 as TR.

The proof details are similar to those of case 1.2.3, but easier. In particular,
no dynamic type checking is needed.

2 Now we assume that G satisfies the condition —I A II, where
There is some (e — t) € P such that t ¢ DVar. IT

Note that —I can be rewritten as:

For all (a < b) € C, either a or b is headed by

a produced variable. -1
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Choose any (e — t) € P such that ¢ is not a variable, and continue the case
analysis as follows:

2.1 e is a rigid and passive expression. Note that e and ¢ must have the
forms he, and ht,, respectively. Otherwise, (e — ¢)6; could have no GORC
proof. The rest of this case can be completed by taking DC2 as TR, by a
reasoning similar to that of case 1.1.

2.2 e is arigid and active expression. This case can be proved using NR2
as TR. Note that NR2 can be applied because t is not a variable. The proof
details are similar to those of case 1.4.

2.3 e is flexible, but e, is rigid and passive. In this case we can assume
(e —»t) = (Xe, — hi,3s;) and X0, = ht',,. Since 6, is a solution of (e — t),
we can also assume h t/,, 3 ht,,05. To continue our reasoning, we choose
OB as TR. The principal type annotation of G must include

V—V Vg I —>7k—>l/ THm _7k
X e, — ht'm Lo Sy

and M must include a type-annotated GORC-proof

V0

HO = ( & Az’\ﬁt;% —>tz~05i6t & H]”\ﬁ €j0;/j9t - szd] & )
+(DC) ~s (hﬁm_)(pk_”/)ei an/m Ekegket N h(ﬁmayk—w)é’t %medﬁm% gkeg’k%)
In the formulation of OB we find 7/ = T(X) and h :: 7,, — 7 as fresh variant

of h’s principal type. Since the type annotations in I1; must be consistent,
the following type identities must hold for some p; € T'Sub:

(a) W, — Tk = )0 = (A, — V'k — v)b;.
(b) &, = Vi = v=Tm — T)p:.

Consider 0, € TSub defined so that 0, = pitvar(7,, — 7)] and 0, =
0,[\tvar(7,, — 7)]. Because of (a) and (b), 6} is a unifier of 7/ = T(X) =
7, — v and 7. Moreover, 0] € Sol(S,), because 6, = ,[tvar(S;)]. Hence,
g, is a solution of (gt, T ~ 7'), the dynamic type checking condition of OB
succeeds, and OB can be applied to transform G into G'.

We still have to build ¢ ~, 6 such that (R',8') € TASol(G") with some
type-annotated witness M’ < M. In particular, for ), to be a solution of
X =& htp, the identity X0, = h t,,6, should hold. For 6;, however, we
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only know X0; = ht',, 3 ht,0; Therefore, we are going to define ¢, as a
modification of 6, acting differently over var(ht,,). Thanks to the condition
EX of admissible goals, var(h t,,) consists of existential variables, which
ensures 0, ~., 0.

To build 0/, assume var(ht,,) = {Y1,...,Y,}. Since hi,, is linear, each Y;
has exactly one occurrence at one position in ht,,. Let u; be the subpattern
which occurs at the same position in h t,,0,, and let u; be the subpattern
which occurs at the same position in h t/,,. Note that ht',, 3 ht,,0, implies
u; J uj for all 1 < j < p. Define ¢, € DSub, such that Y0, = u},
1 <j<pand @, =0;\{V,...,Y,}]. In particular, X0;, = X0; = ht,,
because X ¢ var(ht,,) due to the NC condition of admissible goals. Hence,
X0, =ht,, =ht,b,

Finally, regarding the witness M’ < M of (R,8') € TASol(G'), let us
consider M’y =g (M\{{Io}})W{{IL;, ..., I} } which is easily seen to serve
as a type-annotated witness for the principal type annotation of G’ affected by
(0;,04). By applying Lemma 8 (item 3), M/, can be transformed into another
witness M’ with the same structure for the principal type annotation of G
affected by (6}, ¢/;). Note that Lemma 8 says nothing about type annotations,
but this is not a problem, because M’ and M’ are the same, except that
certain occurrences of u; in M’y are replaced by occurrences of v} in M,
which can inherit the type annotations of ’ as a subpattern of h .

2.4 eis flexible, but efy is rigid and active. This case can be proved by using
OGN as TR. Note that OGN can be applied because t is not a variable.
The proof details are similar to those of case 1.2.3.

3 Now we assume that G satisfies the condition =1 A —IT A ITI, where —II
can be rewritten as:

P includes only statements (e — X) with X € DVar —II
and
There is some (t — X) € P, such that ¢ is a pattern. IT1

This case is easy to prove taking IB as TR.
4 Assume now that G satisfies the condition =1 A =IT A =III A TV, where

C +0. 1\Y

96



Because of IV and —I, we can choose some (a < b) € C such that a is
headed by a produced variable Y. Since Y is produced and —IT A =111 hold,
(e — Y) € P for some expression e which is not a pattern. Moreover, Y is
demanded because it occurs as the head of a in (a < b) € C. We distinguish
four subcases according to the form of e and ef,;.

4.1 e is rigid and passive. This case can be proved by taking IIM as TR.
The reasoning is similar to that of case 1.2.2 (with & = 0), but simpler. In
particular, no dynamic type checking is needed.

4.2 e isrigid and active. In this case we can choose NR2 as TR. Note that
NR2 can be applied because Y is demanded. The proof details are similar
to case 1.4.

4.3 e is flexible, but ef; is rigid and passive. Since e is not a pattern, we can
assume e = X g, with ¢ > 0. Since 6 is solution of ef;, X0, and Y 6; must
be patterns of the form h#, and h#,5,, respectively, and M must include a
GORC proof of ht',e,0q4 — ht,5, ending with a DC step. The rest of this
case can be completed by taking OGD as TR.

4.4 e is flexible, but ef, is rigid and active. This case quite similar to case
2.4. Tt can be proved by using OGN as TR. Note that OGN can be applied
because Y is a demanded variable.

5 Finally, assume that G satisfies the condition =1 A =IT A =IIT A =IV.
Since G is not solved and IV is false, C = @) and P # (. Due to the
acyclicity condition NC of admissible goals, P must contain some statement
(e — t) such that var(t) Nwar(e’) = 0 for all (¢/ — ') € P. Due to —II, t
must be a single variable X. Because of C' = () and the linearity condition
LN of admissible goals, X has exactly one occurrence in G. Then EL can
be applied to transform G into G’, and a type-annotated witness M’ <1 M
for (R,0") € TASol(G') can be obtained from M by removing the type-
annotated proof of (e — X)0,. O
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