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Chapter 1

Introduction

The lambda calculus was introduced in the early 30s, by Alonzo Church and his
student Stephen Kleene. At this time several mathematicians were interested in a
question raised by Hilbert in 1928: the Entscheidungsproblem (decision problem,
in German). At a time when computers were only prototypes of analog computers
or punch cards engines, Hilbert was putting out the challenge of finding a way to
solve automatically any problem (expressed in a formal language). He had the
dream of a universal algorithm that would respond “true”or “false” (in a reliable
way, but not necessarily justified by a proof) to any mathematical question, even
those that mathematicians were not able to solve.

Many logicians were thus trying to establish a formal framework to define
automatic computing. Three different formalisms emerged almost simultane-
ously: the mu-recursive functions (developed by Herbrand and Gdédel [G634] and
then reformulated by Kleene [Kle36a]), Church’s lambda calculus [Chu32] and
Turing machines [Tur36]. These three notions of computability were found to
be equivalent [IKle36b, Tur37]. Church’s thesis was then fully meaningful: the
problems that have automatically computable solutions exactly correspond to
the mathematical functions expressible in one of these three formal systems (or
an equivalent system, that would be called Turing-complete nowadays). The
Entscheidungsproblem was thereby negatively answered [God33, Chu36, Tur36]:
no algorithm can solve any arithmetic question (and there is a fortiori no uni-
versal algorithm).

Lambda calculus. Among these Turing-complete systems (whose computa-
tional power is still not exceeded by modern computers), the lambda calculus is
remarkable for its simplicity. It relies on a central idea:

Everything is a function.

As simple to express as it may be, this idea is far from intuitive. Take for example
an arithmetic expression 2 x (3+4x). One can abstract this expression w.r.t. the
variable z, and obtain the function that maps the formal argument = to the value
of 2x (3+44x). In lambda calculus, this function is denoted by Az.2 x (3 +4xz).
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To compute its value at 7 for example, one applies the real argument 7 to the
function. The first step of the computation consists in replacing the formal
argument x with the real argument 7:

Az2x (34+42)) (1) ~ 2x(3+4x7).

This simple step is called the “beta”’-reduction. Then, the “real” computation is
performed:
2x (34+4xT7) ~ 62.

With the lambda calculus, Church’s tour de force consists in decomposing
each step of pure computation into S-reductions, through some encodings. There
are no more integers nor arithmetic operations, but simply variables, abstractions
of an expression relatively to a variable, and applications of a function to an argu-
ment. Computing then amounts to replacing some variables by some expressions
(by terms).

Terms (written ¢,u etc.) can be constructed either with variables (denoted
by x,y, z), or by abstracting a term ¢ w.r.t. a variable z, or by applying a term ¢
to another term u. In the so-called BNF notation, this is expressed as

tu = x| Azt | tu.

Just like an expression 2x (3+4x) may have an unknown z, a term may have a
free variable. On the contrary, x is not an unknown in the function Az.2x(3+4z),
but a formal argument. We say that = is bounded in Az.2 x (3 +4z) (that is why
the A\ is sometimes called a variable binder). The substitution of the variable z
by the argument a in the expression e, written e [z := al, obviously replaces
only the free occurrences of x in e by a. When a function Az.t is applied to an
argument u, this substitution is performed by the S-reduction:

At)u —  tr:=u (B)

Since the function mapping x to 2x (34+4x) is the same than the one mapping y
to 2 x (3 + 4y), we can freely rename the bounded variables of a term:

Ax.t ~o Ay.(tlx :=1y]) .

In the lambda calculus this is called a-conversion. Terms are generally considered
up to a-equivalence.

The lambda calculus, like any other formal language, raises several natural
questions:

Confluence. A term is said to be confluent if any computation starting from
it leads to the same result. In the expression 2 x (3 4+ 4 x 7) for example,
we can simplify the multiplication 4 x 7 and get 2 x (3 + 28), or we can
distribute the multiplication by 2 over the addition and get 2x 3+2x4 x 7.
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The arithmetic is confluent: we know that if we continue the computation
of each expression, we will obtain the same result (62). Thus the choice
of the computational strategy does not matter. In the lambda calculus, a
term can also have several potential reductions, as this example shows:

Ay.(Az.t) ((Az.uw)y)

— T

Ay.tlx = (Az.u)y] My.(Az.t) (ulz == y])
It appears that the lambda calculus is confluent too [Bar&4]: whatever

reduction we choose for a given term, we will always be able to continue
the computation until a common reduct:

t
tl' .t2

[DETR
u

Termination. When performing a computation on an expression, it might be

interesting to know whether it will terminate (and return a value) or not.
More precisely, given a term ¢, we may wonder if:

e there is a reduction of ¢ that leads to a value (or to a non-reducible
term). In this case we say that ¢ is normalising. In arithmetic, for
example, the expression 2 x (3 + 4) is normalising:

2x(34+4) ~ 2x7 ~ 14

e every reduction of ¢ necessarily stops. We then say that t is strongly
normalising. If we consider the rules of distributivity of the multi-
plication over the addition and the factorisation, then the expression
2 X (3+4) is not strongly normalising:

2X(34+4) ~ 2x3 + 2x4 ~ 2x(3+4) ~ 2x3 + 2x4 ~ ---

The confluence and the strong normalisation of a system are interesting
because the reduction strategy is irrelevant in such systems. No matter
which way we apply the reduction rules, the computation always yields a
value, which is always the same one.

In the lambda calculus there are some non normalising terms (that a fortiori
are not strongly normalising). The most notorious one is

Q = (Ar.xx) (A\z.ax) .

It necessarily reduces to itself. However, it is possible to restrict the set
of terms that we consider with a typing system, that selects only strongly
normalising terms.
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Types. In some programming languages, the programs are annotated (by a
type), so as to guide the programmer. For instance, if a program computes
the successor of an integer given as a parameter, the Boolean “true” has to be
prohibited as input. Similarly the logical negation function (which returns “false”
on the input “true”, and vice versa), cannot be applied to the integer 3. To deal
with this, some basic types are defined (such as nat for the integers, or bool for
the Booleans). It is then set out, in the annotation of the successor function,
that is only accepts arguments of type nat.

A function expecting to receive an input of type A and to return a result of
type B will be assigned the type A — B. In simply typed lambda calculus, a
type is defined by the following syntax:

AB = a| A—B

(where « is a basic type). Thus if nat is a type for the integers, the successor
function has type nat — nat:

Succ : nat — nat .

In order to apply an argument of type A to a function, it must be ensured
that it is annotated with a type A — B. This produces a result of type B. In
the simply typed lambda calculus, we thus have the following typing rule:

t:A—-B u:A
tu: B

(above the horizontal bar are the assumptions, or premises of the typing rule,
and below it is the conclusion).

Notice that it is not always possible to determine the type of a term in
absolute. Assigning a type to Succ (x) for instance, requires x to be of type nat.
Yet a free variable has no type a priori. Therefore some assumptions are necessary
concerning the type of the free variables of a term. We use a typing context
(usually written as I') that to some variables z; assigns a corresponding type A;:

I' = x1:A1,...,wn:An.
If a term ¢ has some free variables z1, ..., x,, then we write
I'+t:B

for “u has type B under the assumption I'” (i.e. under the assumption that each
variable x; is of type A4;).

If a term ¢ has type B under the assumption that z is of type A, then it can
be abstracted w.r.t. the variable x. This provides a function taking arguments
of type A and returning a result of type B:

z:AFt: B
t:A— B
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Also the simply typed lambda calculus consists in typing the lambda terms
using the following typing rules:
ri: A4, el T'HFt:A—B Thu:Ad I'xz:A+t: B
Cha; Ay 'Ftu:B " I'kXxt:A— B

Not all lambda terms are typable. In particular, there is no type for the diverg-
ing term Q = (Az.zz) (Az.zx). Actually this type system only types strongly
normalising terms.

Encoding. The expressiveness of a Turing-complete language is achieved in
the lambda calculus through some encodings. An integer n, for instance, is
represented by a term taking as input a function f and an argument x, and
applying n times the function f at x:

0 = Afdrx

1 = Az fx

2 = M Ax.f(fx)
3

= Mz f(f(fz))

The successor function is then written like a function mapping an integer n,
to the integer n 4 1, that is: the function that takes as input a function f and
an argument z, and that applies f to z one more time than n:

Suce = InAf ' f'(n f2).
We can check that S-reduction actually computes the successor of 1:
(A AL f'(n f12))) (Af Az fz)
M/ f (n ff2))[n = Nf )z fz
MM f (A Az fz) [ o)

AP f((fa) [f = [z = 2'])
A2 f(fa)

Suce 1

| I

Up to a-equivalence, Succ 1 becomes Af.\x.f(fz), i.e. 2.

In the same way, Booleans, pairs etc. can be encoded in the pure lambda
calculus. However, such encodings soon become tiresome, especially when com-
puting more elaborate functions than the successor of an integer. That is why
the so-called functional programming languages (i.e. with no side effect) that
are based on the lambda calculus (such as LISP [BB64] or ML [MTH90]) are
provided with some primitive constructions for the usual data structures, like
Booleans and integers. Hence it makes sense to add some constructors 0 and S
to the syntax of the lambda calculus, and then to represent unary integers by

n:= 0] S(n).
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Then comes the question of the interaction of such data structures with the pro-
gram environment (the context). Just like a function can generate a computation
when it is applied to an argument, a data structure can be analysed by a pat-
tern matching construct. Depending on the programming language, the pattern
matching mechanism can be more or less complex. The case instruction in Pas-
cal for instance, is rather basic. It can only match constants:

case i of
0 : First_result ;
1 : Second_result ;
end;

On the other hand, the pattern matching a la ML can capture the arguments
of a constructor, and us them in the output. For example the predecessor function

is defined that way:
fun pred (n) =

case n of
ZERO => ZERO
| SUCC p =>p

Pattern matching. Whereas the first functional programming languages have
emerged from the late 50’s [McCG60], pattern matching has been hardly studied
in the theoretical framework of lambda calculus before the 90’s [vO90]. Several
approaches were then developed, among which:

e The rewriting calculus, or p-calculus [CK98, Cir01] was introduced in the
late 90s. In addition to lambda terms it has data structures, that are built
with constants. Like any term, these constants are patterns, and so they
can be analysed by a pattern matching construct. Their free variables can
then be instantiated, and so any rewriting rule can be simulated. The
calculus is confluent if the set of terms is restricted to the ones that en-
joy the rigid pattern condition. (a notion that was introduced earlier by
Van Oostrom [vO90]).

There is a typed version of the p-calculus [CIK00], in which pattern matching
is indexed by the typing context. The type system ensures the strong
normalisation property and the subject reduction.

e The Pattern calculus appeared in the early 00’s [Jay04], together with a
polymorphic type system. A matchable pattern is either a variable (which
can be instantiated by any term —in that case pattern matching is in fact
the usual S-reduction) or a constant, or an application. This calculus is con-
fluent (subject to first reduce a term in head normal form before matching
it) and enjoys subject reduction. However it does not avoid match failure,
and the reduction rules are restricted to typed terms. It should be noted
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that type inference is decidable for this system, and its implementation
gave birth to the programming language Bondi [Jay09].

There is also an untyped version of this calculus [JKK06]. The reduction
is there parametrised by a set of free variables (that can be seen as con-
structors), and prevents match failure during the evaluation of closed terms
(they are intuitively caught by the identity function). What is more, this
calculus is confluent too.

In the pattern calculus, as well as in p-calculus, pattern matching uses
a “generalised” substitution operation. Thus a unification algorithm is
necessary for matching a term with a pattern during the evaluation.

e The (untyped) lambda calculus with constructors appeared in the mid-
00’s [AMROG]. Pattern matching is only performed on constants, and the
expressiveness of ML pattern matching is reached thanks to some commu-
tation rules. Unlike the two previous calculi, pattern matching does not
use any meta-operation. In addition it can deal with variadic constructors
(avoiding the problem of partial application for data structures). The calcu-
lus was proved confluent, and moreover it satisfies the separation property
(in the spirit of Bohm’s theorem [BDCPR79]).

A polymorphic type system (that we present in Chap. 2.2) was proposed
for this calculus [Pet11]. It ensures strong normalisation and the absence
of match failure during execution for a restriction of the calculus (the re-
striction consists in removing an “unessential” reduction rule).

None of these calculi can match non-linear patterns (such as patterns of the
form czz, checking that the two arguments of ¢ are identical), or to define the
“parallel”-or (also called por [Plo77], which returns true if at least one of its
arguments is true, even if the evaluation of the other one does not terminate).

Semantics. As far as we know, these calculus with pattern matching features
had never been studied from the point of view of the denotational semantics.
Defining a denotational model for a language consists in embedding its syntax
into some mathematical structure, (via an interpretation function). The model
is sound when two terms that are equivalent w.r.{. the evaluation rules are in-
terpreted by the same denotation in the mathematical structure. All programs
that return the same result for a given input are thus identified. Typically, two
programs implementing different list-sorting algorithms will not be distinguished
in the semantics (at least in the typed case). This way, it is possible to ignore
syntax considerations and to focus on the extensional properties of the programs
of a certain language (what is interesting is then what they compute, not how).

With denotational models, one can for example compare the expressive power
of different languages, or determine whether one rule of a calculus is redundant (it
does not calculate new values), or whether it is on the contrary inconsistent (by
adding it to the calculus, all terms can reduce to the same result). For instance
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Scott’s domains [Sco70] (the first models for the untyped lambda calculus), have
entailed the consistency of the surjective pairing' in the lambda calculus with
pairs, though this rule is not derivable in the pure lambda calculus with pairs
encoding.

Moreover, a denotational model may contain more objects than the denota-
tions that are strictly necessary to interpret the terms of the language. It might
be of interest to adopt the opposite approach: to start from the model and then
to enrich the syntax. That is how the coherent spaces, a mathematical structure
developed for a semantic study of the System F [GLT89, Chap. 14], led to the
development of Linear Logic [Gir87].

Denotational models for the simply typed lambda calculus can be relatively
simply constructed. In general a set model suffices: most of basic types « nat-
urally correspond to a set (that is denoted by |«|), with the terms of this type
representing an element of this set. The type nat is for instance interpreted by
the set of all integers, and each term of type nat actually corresponds to some
integer. The type A — B is the interpreted by |A — B|, the set of functions
from |A| to |B|. So the denotation for a lambda abstraction Az.t is a function
mapping an element z of |A| to the interpretation of ¢, and the denotation for
an application tu relies on a fundamental property of the simply typed lambda
calculus: if tu is of type A, then t necessarily has a type of the form B — A,

with u of type B:
t:B—A u:B

tu: A
Using an inductive reasoning, the denotation of ¢ is an element of |B — A|. Hence
it is a function f from |B| to |A|. Similarly, u is interpreted as an element e of |B|.
So we can use the term f(e) as a denotation for tu.

On the other hand, things are not as simple in the pure lambda calculus: every
term can be an argument for any other term. This means that the mathematical
object D in which terms are interpreted has to be the same (or at least isomorphic
to) the functions space from D to D (that is written D). Hence the need of a
mathematical object satisfying the recursive equation

D =~ DV,

The only set that is a solution of this equation is unit (the set with only one
element). Such a model would bring absolutely no information on the calculus, as
all terms would receive the same denotation.] That is why some more constrained
structures are required. The first construction solving this equation was proposed
by Scott [Sco70].

Outline of the Thesis

In this manuscript we first present the lambda calculus with constructors as it
was introduced in [AMROG]. It is based on a language that includes (constant)

!Given a construction (¢, t2) for the pair, and two primitive projections 71, 72 with rewriting
rules 7;(t1,t2) — t;, the surjective pairing rule is (71 (t), m2(t)) — t.
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constructors, a pattern matching construction, and a Datmon in addition to the
usual constructions of the lambda calculus. The Daimon is a constant with some
specific reduction rules, that behaves like the exit instruction of some program-
ming languages. The calculus has nine reduction rules, three of which are compu-
tationally essential (including the usual rule of S-reduction). An additional one is
necessary for the confluence and two other ones (that may be called administra-
tive rules) are only needed for the separation property (one these administrative
rules is the usual n-reduction). The last three rules describe the interaction of
the Daimon with the evaluation context. The Daimon and its reduction rules
can be removed from the calculus, but they are sometimes useful to express or
prove some properties of the lambda calculus with constructors.

We then describe a polymorphic type system for this calculus, with a sub-
typing order. This type system takes up a challenge set in [AMROG], since one
of the essential rules of the calculus was presented there as ill-typed. It is a very
expressive type system, that includes union and intersection operators, as well as
second order existential and universal quantification. However it does not ensure
strong normalisation of typable terms, and it does not prevent match failure at
the execution. This is due to one of the administrative rules. Moreover subject
reduction is not proved (union types raise some problems).

In Chap. 3 we overcome this weakness thanks to a realisability model for the
typed calculus without the problematic administrative rule. This model ensures
strong normalisation and absence of match failure in the restricted calculus. Fur-
thermore it guarantees that typable terms actually reduce on values, even without
the rule that we left out.

In Chap. 4, we then focus on denotational models for the untyped lambda
calculus with constructors. We first define a class of Cartesian closed categories,
that we call the Ag-models, and we detail a sound interpretation of the lambda
calculus with constructors in such categories. We then show a completeness
result for these models (in the sense that the definition does not require the
identification of two terms which are not equivalent in the calculus—unless they
raise a match failure). Completeness is established using a syntactic model of
the calculus (the PER model, of Partial Equivalence Relations).

In the last chapter, we translate the lambda calculus with constructors into
the lambda calculus with pairs, whose denotational semantics in Cartesian closed
categories is well known. This translation is based on Continuation Passing Style
techniques (or CPS [Plo75]). By transposing the structure of this translation at
the level of models, we get a transformation of every continuation model [RS98]
of the pure lambda calculus into a model of lambda calculus with constructors
(i.e. a Ag-model, as defined in Chap. 4). This enables the construction of non-
syntactic models of the lambda calculus with constructors.
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Chapter 2

Typed lambda-calculus with
constructors

2.1 The lambda calculus with constructors

2.1.1 Informal presentation

The lambda calculus with constructors [AMRO09] extends the pure lambda cal-
culus with pattern matching features: a countable set of constants c, ¢’ etc.
called constructors is added, with a simple mechanism of case analysis on these
constants (similar to the case instruction of Pascal):

{ea =t =t — 4 (CASECONS)

This enables a basic implementation of enumerated types. For instance, Booleans
are represented using two constructors t and f, and by setting:

if b then t; else to = {t—t1;f—taoff-b.
The case analysis allows actually to reduce
(if t then ¢; else t2) — t;, and (if f then ¢; else t2) — to.

Although only constant constructors can be analysed, a matching on variant
constructors can be performed via a commutation rule between case construction
and application:

{0} - (tu) — ({0} -t) u (CASEAPP)

To understand how it works, consider the predecessor function (over unary inte-
gers) that maps 0 to 0, and S n to n. In the lambda calculus with constructors
this function is implemented as

pred = An.{0 — 0;S — Az.x[} - n .

11
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Applying this function to 0 or to Sn produces effectively the expected result:

pred0 — {0—~0;S— Az.z}-0 — 0
pred (Sn) — {0~ 0;S— Az.z|}-(Sn)
- {0—0;S— Mxx[}-S)n - (Az.x)n — n

The head occurrence of constructor S is captured by the case construct via the
reduction rule CASEAPP, and its argument is bounded with a lambda abstraction
in the branch of the case analyser. In fact, the whole expressiveness of ML-style
pattern matching is reached with this mechanism:

In ML : In the A-calculus with constructors :

match x with o
T1...Tp.T
|cl x1 -+ xn -> 1l ! ! el

' =AY Ym Tk
| ck y1 -+ ym -> rk ck Y- YmT

Moreover, such a decomposition of pattern matching into a case analysis
on constants and a commutation rule allows the use of variadic constructors
(i.e. with no fixed arity).

yiExample 2.1.1 . We can chose a constructor c, for initialising arrays (with
any number of elements). Then the function on arrays permuting the first two
elements is written

perm2 = Az.{c, — Azy.coyzf - 2

and if a = ¢, t1 ...t; represents an array with k elements (k > 2), then

perm2(a) —* ¢, totits .. .ty :

perm2 (a) —  {lco = Azy.coyxt - (co t1...tk) (AppPLAM)
—F ({eo = Avy.coyal} - o) tr ...t (CASEAPP)
—  (Azy.coyx) tita. .. tg (CAsSECONS)
—2 cototyts .. .ty (APPLAM)

]

Finally there is also a special constant: the Daimon H. It is inherited from
ludics [Gir01], and means immediate termination.

2.1.2 Syntax

Terms of the lambda calculus with constructors, or Ag-calculus, are defined from
two disjoints sets of symbols: variables (denoted by z,y, z etc.) and constructors
(written with typewriter letters c,d,ci,co etc.). The set € of constructors is
countable and possibly infinite.

12
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The syntax of the Ag-calculus consists of two syntactic classes, defined by
mutual induction: terms (denoted by s,t.u,v etc.) and case-bindings (written
with Greek letters 6, ¢, ¢ etc.).

Definition 2.1.1 (Syntazx of the Ay -calculus)

s,tbu,vi= x| tu | Axt | ¢ | {6}t | X
0,6 = {ci—ui;...;Ch > up}t (with n > 0 and ¢; # c¢; for i # j)

A case-binding is just a finite (partial) function from constructors to terms
whose domain is written dom(6). By analogy with sequential notation, we may
write 0. for v when ¢ — u € 0. In order to ease the reading, we may write
{lc1 = u;.. .50 = unlb - ¢ instead of {{{c1 — u1;...;cn = unlf} - t.

Terms include the constructs of the lambda calculus, that have the usual
interpretation: application and A-abstraction. A term can also be a constructor.
As well as any term, constructors can be applied to any number of arguments, and
thereby have no fixed arity. We call a data-structure a term on the form cty . .. %,.
The case construct {6} - t represents the matching of ¢ according to 6.

Writing conventions We extend the parenthesising conventions of [Bar&4]:
application has priority over abstraction and case construct, and parentheses
associate on the left. Also the abstraction over several variables can be written
with only one lambda. For instance:

Az.cdz means Az.((cd) )
Azy 0]} - "¢ means Az Ay.( {0} - (z X))

Variables and substitution We write fv(¢) (and fv(6)) the set of free variables
of term ¢ (resp. of case-binding #). It is inductively defined in the standard way,
given that the A-abstraction is the only variable binder.

fv(z) = {x} fv(tu) = 1tv(t) Ufv(u)
fv(c) =10 tv({O]} - t) = tv(0) Utv(t)
tv(X) =10

fv(Az.t) = fv(t) \ {z} o) = |J fv(w

c—uel

As usual, the occurrences of a variable that appear non free in a term are said to
be bound. We call a closed term a term with no free variables. The set of closed
terms is written A,.

We consider terms up to a-equivalence [[Kri93, Chap. 1.2], i.e. we can freely
rename all the bound occurrences of a variable in a term. In particular, we con-
sider that terms do not have free and bound occurrences of the same variable.
Notice that constructors are not variables, and thereby not subject to a-conversion
nor substitution.

13
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Substitution t[x := u] (or Oz := wu]) is defined as usual, by replacing all free
occurrences of the variable = by the term w in ¢ (resp. in 6).

2.1.3 Operational semantics

Reduction rules of the lambda calculus with constructors are named according
to the constructs that are involved in the reduction. For instance, the usual
B-reduction, performing the substitution of the bound variable in the body of a
function by its argument, is now called APPLAM, since it describes the interaction
between an application and a A-abstraction:

Axt)u —  tz:=u (AppPLAM)
In the same way, the standard n-reduction rule is now called LAMAPP:
If x ¢ fv(t), et — ot (LAMAPP)

This rule is computationally useless in the sense that it is not necessary to com-
pute values, but it is necessary for the separation property (cf. Sec. 2.1.5).

In addition to these two rules of the usual lambda calculus, there are seven
rules, specific to the new constructions of the lambda calculus with constructors.
The whole system is given in Fig. 2.1.

Notations: The closure of the reduction relation — by context is denoted
by —. When ¢ — t' with a rule R, we say that ¢ is a R-redex, and we say that ¢/
is a reduct of ¢ (in one step) if t — ¢’. We also may write t — g t’ to indicate that ¢
reduces to t’ with rule R, and t =" ' (or t —* /, or t == t') when ¢ reduces
on t' with n (resp. any number of, resp. zero or one) steps. A term is in normal
form (or normal, for short) if it has no reduct, and it is strongly normalising if
it necessarily reduces on a normal form (i.e. if it has no infinite reduction).

Case rules As we have seen in the presentation (Sec. 2.1.1), the key feature of
the Ag-calculus is to decompose pattern matching into a case analysis on constant
constructors (rule CASECONS) and a commutation rule between case construct
and application (rule CASEAPP). However this rule induces a critical pair:

{6} - (A\z.t) u

({0l - Az-t) u {01 - (t[z == ul)

This critical pair is closed by a commutation rule between case construct and
A-abstraction:

If x ¢ tv(0), {0} - Azt — a0} -t (CASELAM)

14
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With this rule, it is possible to reduce (considering x ¢ fv(6) up to a-conversion)
{0 - ety u = Qo -t)u = {0} -t [z:=u] = {0} - [z :=u])
There is also a rule of commutation between two case constructs:
{0h-Ael-t - — {fogl-t (CaseCons)

where the composition of two case-bindings 6 o ¢ means that the first one is
replicated in each branch of the second:

Oo{ci =~ ur;-cpnunt = {ca—= {0} wur;--cp— {0} - unt .

yiRemark 2.1.2 (Ag-calculus and commutative conversions) . Notice that neither
CASEAPP nor CASELAM corresponds to the commuting conversions coming from
logic [GLTR9, Sec. 10.4]. Indeed, a commuting conversion in our calculus would
amount to pushing the elimination context inside the case-binding. For instance,
the commutative conversion between case construct and application would be

{cr—=ur;- scn—=uplt-t) s — {ar—ws; ;e > upsi-t

Such a rule (let us call it AppCase) is not compatible with \g-calculus, because
it would lead to unifying any constructors t,f (and more generally any terms),
as follows.

c— Azt ’} %x.w) cd

App C’V YSELAM

c — (Az.t)c c— Azt
({ d — (Az.f)c }'A‘/”‘x)d (M’{ d s Azf ‘}'x)“’
AppLAM | (x2) AppPLAM
c—t c— Az.t
({daf‘}“x"’“)d ({dr—>)\z.f ‘}'C)d
CASELAM
CASECONS
ArrLAM
ctl (A\z.t) d
d—f
AprrLAM
CASECONSl t
f
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From the point of view of typing, commutative conversions are more intuitive. In
rule AppCase, (({|c1 = upsecc 5 Cp o uplbt) s = {ler o ursyes sop b ugs [}t)
the term ¢ has to be a matchable value in both sides, and the result of its matching
(one of the wu;’s) is a function taking s as argument. Although in rule CASEAPP,
({6} -ts — ({6} - t) s), the term ¢ behaves as a function in the Lh.s. while it
is seen as a matchable value in the r.h.s. We will see how to treat this paradox
in Sec. 2.2.

On the other hand, rule CASECASE (where the external case-binding is du-
plicated in each branch of the head-position case-binding) is similar to the com-

mutative conversions of logic.

Daimon rules When it appears in head position of a term, the Daimon pro-
gressively destroys the whole term: a lambda abstraction is destroyed with rule
LAMDAI, an application with APPDAI and a case construct with CASEDAI. Such
a term always has " as normal form. Thereby we can see the Daimon as the
“exit” instruction in programming, that clears the evaluation context and ter-
minates the program.

Since the Daimon cannot appear during a reduction if it is not in the initial
term, it is possible to consider a sub-calculus of A¢ with no Daimon and no
Daimon rule. However it is useful to express the separation property (Sec. 2.1.5),
and we will also use it to prove a strong normalisation theorem (Sec. 3.2).

Beta-reduction
ApPLAM (AL) (Az.t)u
AppDAI (AD) u

!
=
8
Il
8,
S

$
YK

Eta-reduction
LaMmAPP (LA) Az.tx
LAMDAI (LD) Az — X

$

(x & tv(t))

Case propagation

CaseCons  (CO) {0} - c — ¢ ((c—1t) €0)
CaseDar  (CD) {0} "2 —

CaseApp  (CA) {6} - (tu) — ({0} -t)u

CaseLam  (CL) {0} - Axt — Xz O]} -t (x ¢ tv(0))

Case composition
CAseCasE (CQ) {0} - {o} -t — {00} -t
with 8o {c1 = t1;...;cn =t} = {c1 = {0} - t15..500 = {0] - 10}

Figure 2.1: Reduction rules for A¢.
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2.1.4 Values and defined terms

In pure the lambda calculus, a value is a function (i.e. a A-abstraction). In
Ag-calculus, it can also be a data-structure. Also the set V of values is given by:

V = {A\zt/tisalg-term } U {ct;...tx/c€ € and t1,...t; are Ag-terms }.

A match failure is a term of the form {|f]} - ¢ such that ¢ ¢ dom(6#). We say
that a term is undefined when one of its sub-term is a match failure, and that
it is defined otherwise. A term whose all reducts (in any number of steps) are
defined is said to be hereditarily defined. This notion was introduced in [AMR09]
in order to express the separation property (cf. Sec. 2.1.5).

The set of irreducible defined terms is included in values (with the exception

of ").
Proposition 2.1.1. Every defined closed normal term is either Y® or a value.

PROOF : Let t be a closed defined term in normal form. By structural induction
on t, we show that t is either Y or Ax.tg or cty ...ty for some constructor c, and some
terms t;. Since t is closed, it is not a variable. If it is a constructor, the Daimon or an
abstraction, the result holds. If it is an application, write ht; ...t = t, where h is not an
application. Then h is necessarily closed, defined and normal. It is not an abstraction,
nor the Daimon (otherwise t would be reducible with APPLAM or APPDAI). Hence it is
a data-structure by induction hypothesis, and so is t.

Now assume t = {0} - h. Then h is closed too, defined and normal. By induction
hypothesis it is a value or the Daimon. It cannot be the Daimon, nor an abstraction, nor
an application, otherwise t would be reducible with CASEDAI, CASELAM or CASEAPP.
So h is a constructor. If it is in the domain of 0, then t is reducible with CASECONS,
and if it is not in the domain, t is not defined. Finally t cannot be a case construct. [

Notice that the proof does not use rule CASECASE (and rules LAMAPP,
LAMDATI neither), so the proposition holds for normal forms w.r.t. A_-calculus.

Finally, a term which is both strongly normalising and hereditarily defined is
said to be perfectly normalising. Perfect normalisation satisfies this usual lemma
of lambda-calculus:

Lemma 2.1.2. If t[z := u] is perfectly normalising, then so is t.

PROOF : First if t — t' then t[z = u] — t/[v = u] [AMRO09, Lem. 9]. Thus, if
t[z := u] is strongly normalising, so is t. Then, if t[z := u] is defined, it has no sub-term
of the form {0} - ¢ with ¢ ¢ dom(#), and this property is preserved by replacing some
sub-terms u by x. Sot is defined too. By induction on the reduction of t, we can easily
conclude that if t[x := u)| is hereditarily defined, then so is t. O

In the next part, we present a type system that will, to some extent, select
only perfectly normalising terms.

2.1.5 Properties of the untyped calculus

In this section, we briefly recall some important properties that have been estab-
lished in [AMRO09].
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Confluence

The confluence or non confluence of each sub-calculus of the lambda calculus has
been proved in [AMRO09, Theo. 1]. et . be a subset of the nine reduction rules
given in Fig. 2.1. Then .# is a confluent system if it satisfies the six following
conditions:

ArrpLAM €. A LamDal € ¥ = ApprDaAl €.¥
LamMArp € . A AprpPDAI € .¥ = LaAMDAI €.¥
CaseAprp € .¥ A AprPLAM € .¥ = CASELAM € .¥
CaseAprp € .¥ N AprpPDAI € . = CASEDAI € .¥
CaseLAM € .¥ A LAMAPP €. = CASEAPP € .¥
CAaseLAMm € . A LamDaAl € .¥ = CASEDAI € .¥

In particular the whole type system enjoys the Church-Rosser property. In this
document, we may need the following sub-systems of reductions, that all are
confluent:

e By denotes the \g-calculus without rule APPLAM.
e )\, denotes the lambda calculus with constructors without case-composition.

e — denotes a reduction step by a rule that is neither CASEAPP nor CASELAM
nor CASECASE.

e — represents a reduction step with the rule CASEAPP or CASELAM.
e — .. is the reduction system with only the rule CASECASE.

e The Ag-calculus without Daimon and without rules LAMDAI, ApPDAI and
CAseDAI is confluent too.

Separation

Arbiser, Miquel and Rios have also proved in [AMRO09, Theo. 2] that two dis-
tinct defined normal forms are weakly separable. That is, there is a context that
evaluates one of them on the Daimon, and the other one on a match failure.

Formally, an evaluation context for the lambda calculus with constructors is
given by the following grammar:

El] == [1ti...te | 10} [1t1.. .t

Then, for any defined normal forms ¢ and ¢, either ¢t = ¢’ (up to a-conversion),
or there exists an evaluation context F[ ] such that

E[t;] =" and  E[ts] reduces on an undefined term, or
E[t] =»* "¢ and  E[t;] reduces on an undefined term.
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Remark that the Daimon absorbs any evaluation context: EPX] —* *4. The same
holds for undefined terms: if ¢ ¢ dom(6), then for any evaluation context E| ], all
reducts of E[{|[} - c| are undefined. That is informally why no evaluation context
is able to separate {c — t[} - di from {c — ul} - d2, and the separation property
does not hold for undefined terms.

Strong normalisation of By.

The untyped lambda calculus with constructors is not normalising since it con-
tains the usual S-reduction rule. However, it is the only delicate rule for nor-
malisation, since the Bg-calculus (the Ag-calculus without rule AppLAM) is
strongly normalising (that is, no term has an infinite reduction). This is proved
in [AMRO09, Prop. 1], by showing that the structural measure s(-) (inductively
defined below) strictly decreases for each rule of Ag-calculus, except APPLAM.
Since this measure is positive, there is no infinite reduction.

Definition 2.1.2 (Structural measure)

s(z) =1 s(Az.t) = s(t)+1 s({0]} - t) = s(t) x (s(0) +2)
SO =1 sttw) = s s $0) = Secqom 5(06)
sOH) =1

We shall later refer to the same measure to ensure that every sub-calculus of
the Ag-calculus that does not contain rule APPLAM is strongly normalising.

2.2 Type system

In natural languages some sentences are grammatically correct but semantically
not meaningful:

“Le silence vertébral indispose la voile licite” .
This relative freedom is certainly essential to great poetic creations, but computer
scientists usually prefer effectiveness to artistic beauty. That is to say, we do not
only ask a program to be syntactically correct, we also want its evaluation to
reach a value (that we can see as the meaning of the program).

For instance, we want to rule out the application of the function perm2 (that
permutes the first two elements of an array, cf. Ex. 2.1.1) to an integer S n. More
generally, we want to prevent match failure in the reduction. We consider that
they are incorrect terms.

Most programming languages come with a notion of correct program. In
order to restrict the set of programs that can be written, we can associate to the
language a type system: the challenge is to design a term annotation method that

'Example given by the French linguist Lucien Tesniére [Tes53], that was translated by Noam
Chomsky as “Colourless green ideas sleep furiously” [Cho57]... Unlike the sentence, we might
say that the translation is semantically correct, but is syntactically not exactly faithful.
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enables annotating (with types) as many programs as possible, but only correct
ones. This is what is called the correctness of the type system. One might also
be interested in its completeness (“is every correct program typable?”) or in the
type inference (“is there an algorithm that decides what is the type of a program,
if it has some?”).

Unfortunately in this thesis we only deal with the first question: we consider
that a term has a well behaviour when its evaluation always terminates and does
not lead to match failure. With this view we now define a type system for the
lambda calculus with constructors, and we show in next chapter that it is correct,
up to some restrictions we shall explain in Sec. 2.3.2.

2.2.1 Main ideas

We propose a polymorphic type system for the lambda calculus with constructors.
It includes the simply typed A-calculus: the main type construct is the arrow
type T'— U, coming with its usual introduction and elimination rules for typing
A-abstraction and application respectively:

x:T implies uw:U t:U—T and u:U
Axu: T —U tu:T

Types for data-structures are modelled on the syntax of terms: a term cty ...t
will have type c17 ... T} if each ¢; has type T;. So we associate to each constructor
c a constant type ¢ (written with bold font), and we introduce the notion of ap-
plication type. At a first sight, the most natural way to introduce an application

type would be:
t:T and u:U

tu:TU

Yet it would allow typing “incorrect” application terms. For example a function
waiting for Boolean arguments could receive integer arguments. Furthermore,
since the term 6 = Ax.zz is typable in polymorphic type systems (one of its
possible type is A = (VX.X — X) —» (VX.X — X)), the diverging term 66
would be typable with type AA. That is why we restrict the application type,
and prevent a derivation such as

t:(U—T) and w:U’
tu: (U—T)U'

To do so, we distinguish a subclass of types that we call data-types. It contains
no arrow types, and it characterises the types of data-structures. Data-types are
the only ones that we apply to other types.

Since constructors are variadic, any data-structure can be viewed as a function
expecting one more argument. This is expressed by a sub-typing rule: any data-
type D is a subtype of T'— DT'. That is why the type system is provided with a
sub-typing relation, and “I" is a subtype of U” means that every term of type T’
has type U too.
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Algebraic types are constructed with a union operator. Because of sub-typing,
we also use its dual: intersection operator. Finally, polymorphism is achieved
with type (and data-type) variables, and universal and existential quantification.

2.2.2 Type syntax

The lambda calculus with constructors is provided with a polymorphic type sys-
tem with union and intersection operators. Types (notation: T, U) and data-types
(notation: D, E) are defined by mutual induction in Fig. 2.2. Notice that quan-

T.U.= X (Ordinary type variable)
| a | ¢ | DT (Data-type)
| T —-U (Arrow type)
| TUU (Union type)
| TNU (Intersection type)
| Va.T | VX.T (Universal type)
| Ja.T | 3IX.T (Existential type)

D, E:= « (Data-type variable)
| ¢ | DT (Data-structure)
| DUE (Union data-type)
| DNE (Intersection data-type)
| Ya.D | VX.D (Universal data-type)
| Ja.D | 3X.D (Existential data-type)

Figure 2.2: Syntax of Types

tification over data-types requires the use of two different kinds of type variables:
capital letters from the end of Latin alphabet (X,Y etc.) denote ordinary type
variables, whereas Greek letters from the beginning of the alphabet («, ) denote
data-type variables. We may write v a variable that is either an ordinary or a
data-type variable.

An arrow type U — T cannot be applied to another type. By analogy with
term convention, type application takes precedence over all the other operators
and is left associative, whereas arrow is right associative and has the less prece-
dence. In between, union and intersection take precedence over universal and
existential quantifier. So that:

VX.eXT = T means (VX.((€X)T)) =T
Ja.aX UaT — (X - T) — T means (Ja.((aX)U (aT))) - (X =>T)=T)
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Free type variables and substitution

The set TV(T') of all free type variables of a type T is defined as expected:

TV(X) = {X} TV(e)= {o} TV(c)=
TV(T - U) = TV(T)UTV(U) TV(DT) = TV(D) UTV(T)
TV(TNU) = TV(T)UTV(U) TV(TUU) = TV(T)UTV(U)
TV(VW.T) = TV(T)\ {v} TV(I.T) = TV(T)\ {v}

Types also are considered up to renaming of bound variables, and the substitution
of v by a type U in T (written T{U/v}) only deals with free occurrences of v
in T.

Vectorial notation

In order to ease the reading, we may use a vectorial notation for terms and types.
It is an adaptation of the telescopic mappings of de Bruijn [dB91] in a system
with no dependent types but with type application. Intuitively, a type vector
(or a term vector) is just a (possibly empty) sequence of types T (or a sequence
of terms @), and we can telescope many arrows or many application in one by
writing T — U or DT (or ti0):

T,U:=[]| T;U L= tu
[|]-T =T D[]=D t]] t
(T5U) =T =T— (U—T1T) D(T;U) = (DT)U t(;u) = (td)u
For convenience, we may write T1;...; T} instead of [ |;T1;. . .; Ty for non-empty

vectors. For instance,
C(Ul; UQ) — (Tl;TQ) — T"  denotes clhUy =Ty - Ty — T

We will see in next section that this notation makes sense with typing rules.

'7 Remark 2.2.1 . Vectorial notation is not ambiguous: a type written with

vectors denotes only one type of the original syntax. Conversely, a type can have
many vectorial representations (when it has many successive arrows):

[]—)(U1—>U2—>T) s (H;Ul)—>(U2—)T), and([];Ul;UQ)—>T
are three possible notations for Uy — Uy — T.

2.2.3 Typing and sub-typing rules

A typing judgement is on the form I' H M : T, where M is a term or a case-
binding (the same syntax of types is used for both), and T" is a context, i.e. an
unordered sequence of couples x : U assigning a type to a variable.
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Typing rules are given in Fig. 2.3. They include the usual introduction and
elimination rules of typed A-calculus for each type operator. Some of them —like
the elimination of universal quantifier— are indeed sub-typing rules (Fig. 2.4).
The sub-typing relation, written with the infix notation <, is a preorder and we
write = the induced equivalence relation: T'=U when T U and U < T

Typing variadic constructors

Atomic data-structures (the constructors) are typed with rule Constr:
I'c:ec.

Then, sub-typing rule Data allows to see this constructor as a function that can
be applied to any typable term:

I'kFc:c cxT —cT

I'Fc: T —cT I'kt: T
I'kct:cT

By iterating this derivation, ct; ...ty gets type c17...T} as soon as every t; has
type T;. This way, we can type constructors with any number of arguments.

yiRemark' 2.2.2 . Using vectorial notation, we can write a sub-typing rule that
generalises rule Data and that is derivable:

D<T— DT .

Furthermore, if we write I' - @ : U when @ = uy; - - ug and U= Uy;--- ;U and
't u; : U; for all @ < k, then the following rule is derivable (by induction on the
length & of the vectors):

P-t:U—>T TF@:U
THtid:T

By combining these two “generalised” rules, T' F cf : cT immediately follows from
THi:T. ]

Sub-typing rule Discr expresses in the type system that different constructors
can be discriminated. Indeed, if ¢c; # co then clf and CQU cannot type the same
term ¢, except if ¢ also has type Va.a. (which means that t —* Y —cf. page 3.2.1,
so it is not a data-structure).

Thus we can consider a union of data-types as a disjoint union if all construc-
tor types in head position are different. That is why we call algebraic type a type
on the form

Uciﬁi with Ci%cj lfl#j
i<k
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Typing case-bindings

Types for case-bindings are the same as the ones for terms. A case-binding is
typed (with rule Cb) like a function waiting for a constructor of its domain as
argument, up to a possible conversion of arrow type into application type: from
a typing judgement I' - u : T" — U, both following derivations are valid:

I'rtu:U—-T b 'Fuw:U—=T b
'F{c—u}l:c>U—->T 'F{c—u}:cU—-T

That is because an arrow type can be decomposed in different ways, and thereby
have several vectorial denotations (cf. remark 2.2.1). This is the point that allows
CASEAPP commutation rule to be well typed.

yiExample 2.2.8 (Ambiguity of rule Cb) . Again, consider the constructor c,
that initialises arrays. Then the case-binding 6 = {c, — Azy.cox} removes the
second element of any array:

{0} (cotitats) —Enspare (JOco)titats —casncons (ATY.CoT)titats —AppLay Cotits

From Ft1 : Th, b to : Ty and - t3 : T3 we can derive F {0} - (cotitats) : coT1T5:

c. 1 XT3 — ¢, 1115
F Azy.cox : 11— To— co 17 Th—>To—c, Iy <xTh—To— T5— c,T1 T3
FAzy.cor : 11 — 1o — T3 — ¢, 1115
Fo: CQTlTQTg — CQT1T3

F tl . T1
F tg . T2
F t3 : T3
Fo: C<>T1T2T3 — CQT1T3 = Colilals : COT1T2T3 c
F ﬂ9|} . <C0t1t2t3) : CQT1T3

ase

We can also give the same type to ({0[} - co)t1tats by choosing another possible
type for 6 (we write T' = T1;T5; T3):

F Azy.com 1: — ¢, 1113 b Ft Ty
FO:co—T — c,T1T3 Fco:co case Fito: Th
l—ﬂ@\}~c0:f—>coT1T3 I—t3 :T3

F ({l0[} - co)tatats : e T T3

In order to give the same type to {0[} - (cotitats) and ({|0]} - co)titats we have
chosen different vectorial denotations for the type 77 — 15 — T3 — ¢, 1115 when

applying the typing rule Cb.
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In the same way, the typing rule (case) for a case construct {|[} - t allows ¢
to be a function that waits for an arbitrary number of arguments. This makes
CAselLaM well typed. Indeed, if a case-binding 6 has type T' — U, then both
terms {0} - Az.x and Az.({{0]} - ) are typable with the same type:

z:TrHx:T z:THO:T U
2 TF{0)} -2:0 case -z T =T FO:T U

FXe. ({0} -z): T - U F{O} - Azx: T — U

case

However the typing judgement obtained by the derivation rule case is determined
by the premises, which is not the case when rule Cb is applied.

Algebraic types

If the case-binding we want to type (say 0 = {¢; — u;/1 < i < n}) includes many
branches, we can either chose one of them (for instance c; — ;) and apply only
once rule Cb: .

(F H U @ Uz — Ti)?:l

TF6:c;U; — T

(Actually in the premises, we only require that u; has type ﬁj — T} and that
every u; is typable in context I'). If we do so, we can only type a case con-
struct {|0[} -t with a term t of type T — cj (7]' for some type vector T'. This means
that the constructor expected in head position to perform pattern matching is c;
(again this will be formally established thanks to the denotational model). If we
do not know in advance which constructor will be matched by 6 we can give it
all possible types, using intersection operator: I' - 6 : ﬂ1<i<n(ciﬁi — T;) . Since
we need @ to have an arrow type in order to associate it to a term with typing
rule case, we then commute the intersection with the arrow:

reo: ﬂlgign(ciﬁi - 1;) ﬂ1§i§n(ciﬁi —1;) < (Ulgign Czﬁz) — (Ulgign 1;)

PEO: (Ui<icn cili) — (Ui<i<n T5)

Then to type {0} - t we just need t to have the algebraic type (J;<;<,, c;U;, and
the constructor that will be analysed by 6 can be any constructor of its domain.

yiExample 2.2.4 (Typing multi-branches case-bindings) . Assume nat is a type
satisfying nat = 0 U Snat. The predecessor case-binding

0 ={0—0;S— \z.x}
has both types 0 — nat and S nat — nat. Hence we can derive

F6:(0—nat)N(Snat—nat) (0—nat) N (Snat—nat) < (0U S nat)— nat
FO: (0USnat) — nat

and thus 6 has type nat — nat. A
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Rule Cb is a kind of generalisation of this typing derivation:

if @ = {c; = u; /1 < i <n}, with b u; : Uy — Tj, then for any J C [1..n], the
judgement 0 : (J;o; c;U: — Uics Ti is derivable. Taking J = {, this would be
written - 6 : Va.a — VX. X, as Va.a is the lower bound of data-types, and VX. X
the lower bound of types. In particular, Cb; enables typing the empty case-
binding. Notice that the only way to type a term {|()[} - ¢ is that ¢ has type Vo.a,
and this means that ¢ is (or reduces on) the Daimon —we will see that this is a
consequence of the denotational model at the end of Sec. 3.2.1 (page 45).

Terms:
Initﬁ (z:Tel) Falseﬁ Constrﬁ
- Fx:UFt:T i r=t:U—-T T'tu:U
TN Nt U ST e TFtu:T
I+t:0—-T TrO:T—T
CH{O)-t:U =T
Case Binding: If 0 = (c; — ui)q,
o Chuw:T); o Thuw:U =T, i
“THO:Vaa— VXX T cyUpy =Ty
Shared rules: M is either a term ¢, either a case binding 6.
Uni 'EM:T S - 'EM:T TTHEM:U
WIEM v YY) T T AT
x:THFM:U Fx:h+EM:U T,x:ToM:U
Exist (v¢TV(U))  Union

Lz:3wTEHM:U Dz ThUT-M:U

'EM:T T<U

SubsS T T U

Figure 2.3: Typing rules

Commutation rules for type operators

Commutation rules between arrow and universal quantifier are usual in System F
with sub-typing [Mit&8]. Commutation with union and intersection are also well
known [Pie91]. More generally, all these rules are guided by semantic intuitions:
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Preorder relation:
— T<Ty Tp< T

Refl Tr
e T<T ans T<T
Monotonicity and contravariance:
U'xU T<T DD T<xT
Arrow App
U->T=xU =1 DT < D'"T”

Elimination and introduction rules:
T<U; T=<xUs - —

i limL—7—— limR—m———
Nintro T » Ul A U2 Nelim U1 n U2 < Ul Nelim U1 N U2 » U2
. — o — | ThxU TryxU
Uint — Uint —_— Ueli
B IS IAVTIA U, < UL U, U, U
vintro— S U_ ervery) vt — VelimD —
o g VYD) Ve Xy Vel < T{Dja)
3 _ 3 D _ Jdel 7[] = r v(T
- - .
MO IXY < 3IXT P T(D/ay < 3l MU <7V
D — Di = __,
"D <T— DT 1ScrclT NcaU 5 Voo (ertea)

Commutation between type operators:

Vv.(DT) < (Yv.D)(Vv.T)

App/N App/V

DTND'T < (DND)(TNT)

—/N

UoTnU ST <0NT) 5 @nT) (T 5 0) < W) = (Vo)

—/U

U=TnU >T)<Uul) 5 @uT) (T =>0) < @) = @0)

UUT)NUUT)<xUU(TNT)

n/u

D(TUuT) < DTUDT Y (DUD)T < DT UDT

U/AppR

B PE T i el E ) = N sy

H/AppRD (vgTV(T))

o) < W) oo EYY) SN S AT < 3 (TN D)

v/ (wgTV(U))

Figure 2.4: Sub-typing rules.
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terms must have type T'NU (resp. TUU) if and only if they have both (resp. one
of) types T and U. The idea is the same for quantifiers (universal quantification
is seen as a generalised intersection, and existential quantification as a generalised
union). Concerning arrow types, a term must have type U — T iff we can apply
it to any argument of type U and get a term of type T'. This explains for instance
the commutation rule between intersection and arrow:

(Ul — Tl) N (UQ — TQ) < (Ul U UQ) — (Tl UTQ) .

If a term can be applied to a term of type U; to form a term of type 77, and also
to a term of type Us to form a term of type 75, then we can apply it to a term
that has type Uy or Us and we will get a term of type 71 or of type 15. Notice
that this meaning of types also validates the rule

(Ul — Tl) N (UQ — TQ) < (U1 N UQ) — (T1 N Tg) .

The new construction of this type system, namely type application, is in-
terpreted in a very naive way: a term has type DT if it is the application
of a sub-term of type D and a sub-term of type 7. This is why the rule
D(T1 U TQ) < DTy U DT is valid, but not (Dl U DQ)(Tl U TQ) < D111 U DoTs.

2.3 Some non-properties of the typed \y-calculus

2.3.1 Discussion on Subject reduction

Union types, seen as the dual of intersection types, are known to be problematic
w.r.t. subject reduction in the lambda calculus. Different formalisms exist for
the elimination rule of union: we use a left rule, inspired from sequent calculus,
but a right elimination rule is also often used [Pie91, FP91, Rib07a]. With a cut
rule, both presentations are equivalent [BDCd95, Theo. 1.5] (and rule case can
be seen as a cut-rule for algebraic types).

However the same problem always arises for subject reduction, typically when
a function expects two arguments on the same type: if this type is a union Uy UUs,
the function might require its arguments to be both of type U; or both of type Us,
but this information can be “lost” during the reduction. We give an example
derived from [BDCd95] 2.

yiExample 2.8.1 (Typing lost by reduction) . Let
FZ%Z(U1—>U1—>T> N (UQ-)UQ-)T) , y: U uUs .

Then I' - Az.zzz : (U UUz) — T

2For more complex union type system the counter-example to subject reduction is slightly
more complex, but the idea remain the same.
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F,Z:U1|_$ZU1—>U1—>T F,Z:Ugl‘l‘:Ug—)UQ%T
T,z: Ul Fxzz: T Iz:Ubaxzz: T
I'z:UyUUs b xzz: T
I'FAzzxzz: (ULUUg) =T

Union

Also it is possible to type I' b (Az.zzz)y : T, but (Az.xzz)y [-reduces on zyy,
that is not typable under context I': in order to apply x to argument y we cannot
eliminate the intersection in its type, as we do not know whether y has type Uy
or Uy. We can neither commute the arrow and the intersection: we would obtain

(Ul—>U1—>T)ﬂ(U2—>UQ—>T)%(U1UU2)—>((U1—>T)U(U2—>T))

FF$Z<U1UU2)—>((U1—>T)U(U2—>T))
Fl—:vy:(U1—>T)U(U2—>T)

—elim

and then it is not possible to conclude (at this stage, we actually lost information:
even if we knew whether type of y is Uy or Us, we could not conclude that xyy

has type T knowing that xy has type (U3 — T) U (Us — T)).

Also there is no simple way to build a type system with union types that enjoys
subject reduction, and pattern matching requires union types. Yet, [BDCd95]
prove a kind of “big step subject reduction” for typed lambda calculus with
union: If a term ¢ has type T', and ¢t —3 u, then there is a term s of type 1" such
that u —3 s. In next chapter, we will prove a similar result for data structures
of typed Ag-calculus using a reducibility model.

2.3.2 About strong normalisation and match failure

Typed lambda calculus with constructors supports some non-terminating reduc-
tions, and also match failures can occur. This is due to one of the administra-
tive’rules: the composition of case-bindings. We first present a counter-example
to strong normalisation, before taking out rule CASECASE from the calculus.

The problem of case-composition

Typed Ag-calculus does not prevent match failure. Indeed, rule CASECASE can
create sub-terms whose typing is not checked in the “dead branches” of a case-
binding. For instance, if ¢ = {d + d’'} and § = {c — d ;¢ — '}, then

Fo:d—d and FO:c—d.

So we can derive - {6} - ¢ : d and then F {¢[} - {6} - ¢ : d’. This makes
sense because we can reduce {¢[} - {0} - ¢ —* d’ using twice the rule CASECONS.
In 0, ¢ — ¢ is a dead branch and is forgotten by the typing (once we know
that ¢’ itself is typable). However, we can also apply the rule CASECASE and get

3Rule CASECASE is not necessary in a reduction to reach a value, as it is formally expressed
in Sec. 3.2.3.
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{¢ o 0]} - c. Hence, the second branch of the case-binding is ¢’ — { ¢} - ¢/, which
raises a match failure and is definitely not typable.

The point is that, while typing a case binding, a choice can implicitly be made
concerning the branches that will be taken in consideration (if we had chosen type
¢ — ¢ for 6, we would not have been able to type {[} - {|0} - ¢/, that reduces on
the same match-failing term { [} - ¢’). Yet rule CASECASE can create redexes in
branches that have been dropped by the typing.

For the same reason, rule CASECASE together with rule APPLAM makes some
typable terms non-terminating: let ¢ ={d+— §} and 6= {c—d;c — dd},
where 6 = Az.zx. Then we can derive

Hd:d F'Fdd:dA
'-6:c—d I'Fz:c
'¢:d— A {6} -z:d

TF ol - (0 -2 A

with I' =z : ¢, and A = (VX.X — X) - (VX.X — X). It appears that
{o[} - {0[} - = is in normal form without rule CASECASE, but with it we can

reduce
c =9 .
s as |7

Hence {¢[} - {6[} - = is not normalising because of the sub-term §4.

{|¢}-{|@ﬂ~xﬁﬂ¢oe|}.x:{

SR

Restricted lambda calculus with constructors

The rule CASECASE was introduced in the lambda calculus with constructors
in order to satisfy the separation property [AMRO09, Theo. 2] —and the same
for rule LAMAPP, the usual n-reduction. Yet it is unessential for computing
in the lambda calculus with constructors (cf. discussion of Sec. 3.2.3). Since it
leads to some match failure or non-terminating reduction in the typed calculus,
we take it away and we consider A, the lambda calculus with constructors re-
stricted to eight reduction rules: AppLAM, LAMAPP, CASECONS, CASEAPP,
CaseLam, AppDAl1, LAMDAI and CASEDAI. This calculus is known to be con-
fluent [AMRO09, Theo. 1].

In next chapter, we provide a denotational model for typed A -calculus, that
ensures its strong normalisation and guaranties the absence of match failure.

Conclusion and future work

The lambda calculus with constructors presents some reduction rules that do not
match with usual typing intuitions, in particular the commutation rule between
application and case construct. To cope with this peculiarity, we have defined
a complex type system, with a sub-typing rule transforming a data-type into an
arrow type. This type system is polymorphic, and includes intersection and union
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types. There is also a new construction: the type application. In the next chapter,
we show that it is a correct type system w.r.t. strong normalisation and prevention
of match failure for the restricted Ag-calculus (without rule CASECASE).

A natural question would be the converse: is any perfectly normalising term
of A -calculus typable in some context? In the pure lambda calculus, every
strongly normalising term is typable in the type system with arrow and inter-
section [Gal98, Kri93]. In A -calculus the answer would be negative without
polymorphism. Consider for instance term ¢ = A\z.{c — d}}-{{c—d[}-z . Tt is a
defined normal form (since we removed rule CASECASE). Without the rule Cb,
the only type we could give to u = {c — d[}-z would be d (with = of type c).
Then {jc — d[}-u would not be typable. However, with the rule Cb we can
type the case bindings {c — d} with type Va.aa — VX.X, and then derive
Ft:Va.a— VXX (since VX.X < Va.a).

Also we have good hope that the type system described in this chapter is able
to type any perfectly normalising A_-term. A first attempt to show this could
be to assign type VX.X to every variable, and then follow the proof method
of [Gal9g]: first show that every defined normal form ( they are on the form \Z.c @
or AZA01[} - - - {0k[} - y@ with possibly empty vectors and k& > 0) has a type.
Then proceed by induction on derivation of a perfectly normalising term.

An other issue that we let open is the decidability of (a sub-system of) the
type system. Two questions can be asked:

1. Type Inference: Given a term ¢, is there a context I' and a type 1" such
that TH¢:T7

2. Type checking: Is a judgement I' - ¢ : T" derivable?

Notice that, in general, the decidability of type checking entails the one of type
inference. Indeed, if we call contexted typability the question of knowing, given a
term ¢ and a context I', if ¢ can be typed in context I', then

- Type inference is decidable if contexted typability is. To know whether ¢
can be typed in some context, ask if Axy...x,.t is typable in the empty
context (where {z1,...,z,} = fv(t)).

- Contexted typability is decidable if type checking is. To know if ¢ is typable
in context I', ask if I', 2 : Z F (Azy.y) t z: Z is derivable.

If, as we conjectured previously, our type system is complete for perfectly
normalising terms, type inference is certainly undecidable. Indeed, within the
sub-family of pure lambda terms, the perfect normalisation is equivalent to the
strong normalisation, that is known to be undecidable (a nice proof can be found
in [Urz03]). It is not surprising as both type inference and type checking are
undecidable in Curry-style System F [Wel94]. Also the simply typed lambda
calculus with intersection types is complete for strong normalising terms [vB92,
Ghi96).
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Yet the question can be asked for the type system without polymorphism
and without intersection type. This would require an other rule for typing case-
bindings (the one given in this chapter is too weak without intersections), such
as for instance

'k [71- — T; (1<i<n)

P (e /i <i< s (Jed) » (UT)
i=1 i

However even with such a rule, an inference algorithm (if it exists) would probably
need a backtracking mechanism, since the arrow types (of the wu;’s) can have
several (but a finite number of) vectorial notations (Rem. 2.2.1).

Altthough this question is essential in the prospect of implementing the
lambda calculus with constructors, it is far from being trivial.
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A Reducibility Model

In this chapter, we shall prove the strong normalisation theorem for the restricted
typed Ag-calculus using Girard’s technique of reducibility candidates [GLT&9,
Chap.14]. The main idea is to interpret every type T by a particular set |T'|
of strongly normalising terms called reductbility candidates. We then prove that
this interpretation is sound w.r.t. typing, i.e. every term of type T is in its
interpretation —and thereby is strongly normalising.

Reducibility candidates allow a finer analysis of terms than types do. Some
properties (such as strong normalisation) we want to prove for typable terms can
actually be set in the definition of reducibility candidates. Their definition must
also include some closure properties, that ensure soundness.

The proof by reducibility candidates of this chapter presents three main nov-
elties. The first one is to focus not only on strong normalisation, but also on
well-definition. This implies to restrict candidates to closed terms (what would
it mean for {|0} - = to be defined?). This is why the Daimon shall play an im-
portant role. Next we need to adapt the usual definition of candidates to the
application types. Therefore we introduce a closure operator on candidates. It
shall also enable a fine-grained analysis of data-structures and data-types (in
particular we introduce the notion of data-candidates). Finally, we ensure that
candidates are closed under union, using Riba’s techniques [Rib07b].

For the reasons explained in Sec. 2.3.2, we consider here a restriction of the
calculus, without rule CASECASE, called the A -calculus. Also, throughout this
chapter,

— denotes a reduction step that does not use CASECASE .

3.1 Reducibility candidates

Reducibility candidates are defined by a predicate on terms: they must satisfy
some conditions that exclude “bad” terms, but also some closure conditions that
will entail soundness for the reducibility model. As usual, those are conditions
of closure under reduction, or under some expansion.
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Notations: A term is said to be neutral if it is not a value. We write 4 the
set of closed defined and neutral terms, and PN, the set of closed and perfectly
normalising terms. The set of closed terms is denoted by A,. Given a term ¢,
Red(t) is the set of its reducts (for the rules of A.)) in one step, and Red.(t)
denotes the set of its reducts in any number of steps (including zero).

Definition 3.1.1 (Reducibility candidates)

A set S of closed terms is a reducibility candidate when it satisfies:
(CR1) Perfect normalisation: S C PN,,.
(CRg) Stability by reduction: ¢t € S = Red(t) C S.

(CR3) Stability by neutral expansion:
if t € Ap, then Red(t) CS = teS.

(CRy4) Stability by case-commutation:
lf t _>CASEAPP t, or t _>CASELAM t,, and t/ S S7 then t S S

We call (CR) the conjunction of (CR1), (CR2), (CR3) and (CR4).

The first three conditions correspond to the ones of the original definition
of Girard, taking care to rule out undefined terms. The last one is necessary
for the soundness result, because of the “ill behaviour” of rules CASEAPP and
CASELAM w.r.t. typing (cf. Rem. 2.1.2). In fact, (CR4) means that reducibility
candidates do not separate terms that are CASEAPP or CASELAM equivalent.
Once we will have proved that this leads to a relevant notion of candidates (that
is, it is compatible with the property of perfect normalisation), it will informally
allow us to consider terms up to CASEAPP and CASE LaAM. This requires to treat
these two rules with a special attention (which is the purpose of next section).

Taking up type terminology, we call data-candidate a reducibility candidate
whose values all are data-structures. In other words, a reducibility candidate is
a data-candidate if it contains no abstraction Ax.t. We write CR the class of
reducibility candidates, and TC its sub-class of data candidates.

Reducibility candidates are usually not restricted to closed terms. On the
contrary, free variables are needed in reducibility candidates as hereditarily neu-
tral terms, i.e. as terms with no values in their reducts. Indeed, hereditarily
neutral terms insure that reducibility candidates are not empty (we detail this
in Rem. 3.1.4). Since the A_-calculus is provided with the Daimon, which is also
hereditarily neutral, open terms are useless in reducibility candidates. Moreover,
keeping only closed terms circumscribes candidates to terms whose meaning is
entirely known.

Condition (CRg) can be expressed in a slightly different way, that we may use
later. We call (CR}) this equivalent condition.

Lemma 3.1.1 (Condition (CR})). For any set of terms S, the following condi-
tions are equivalent:
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(CRg) For every term t in S, Red(t) C S
(CRS) For every term t in S, Red,(t) C S

PRrOOF : Condition (CRY) obviously implies (CR2). Now assume S satisfies (CRz). By
induction on n it is trivial to show that ¢t € S and t —»™ t' imply t' € S for all n > 0.
Sot € S implies Red,(t) C S. O

3.1.1 Case normal form

This section gives some technical details about case-commutation. We first show
that every term has a normal form for case-commutation, and we give an explicit
definition of it. then we prove that case-commutation equivalence is compati-
ble with perfect normalisation, which provides a new definition of reducibility
candidates.

The case-commutation rules are CASEAPP and CASELAM. Remember that
we note — a reduction step by one of them, and —p5 a reduction step by one
of the other rule of A, (AppLAM, LAMAPP, CASECONS, APPDAI, LAMDAI, or
CASEDALI).

Every term is strongly normalising for —. Indeed, reducing a term t with a
case-commutation rule decreases its structural measure s(t) (Def. 2.1.2). More-
over, — is confluent (Sec. 2.1.5). Thus every term ¢ has a normal form for —,
that we call its case normal form and that we write | t. It is characterised by
the following equations:

lz =z Holt-= = {lo}-=

le= c Lol e = {6 -c

=X Hop-x = {10} &
it = x|t o -dzt = dz. L({0]} - t)
L(tw) = Lt Lu VIOl () = L(QOR 1) L

Hei o ui [1<isn} = {ei = du; 1<isn} L{O) - {ol - 2) = L0} L8l - 1)
if Lo}t ={ol ¢, then L ({0} -{ol-t) = {10} {ol} -t

To deal with perfect normalisation, we can consider terms up to case-commutation.
Indeed, both well-definition and strong normalisation are preserved by case-
commutation equivalence. That is what Cor. 3.1.4 expresses.

Lemma 3.1.2. If |t is defined, so is t.

PRrROOF : Using the characterisation of | t, it is easy to check by induction on t that
if t is undefined, then |t also is. O

yiRemark 3.1.1 . Since t € V implies |t € V, it follows that
teNSp = te N A

Lemma 3.1.3. For every terms t,t', ift —gt' then |t —T |t

PRrROOF : By structural induction on t.
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1. Ift is a variable, the Daimon or a constructor, then t is not reducible.

2. If t = Aa.dg, then necessarily t' = Ax.ty with t¢ —p t;, and we conclude by
induction.

3. Ift = tito, three different cases can occur:

(a) t' = t1th or tite with t;—gt;. Hence we conclude by induction
(b) t1 ="K and t' = 4. In that case |t = (K |t3) reduces to 1 = |t

(c) t1 = Ax.tp and t' = to[x := t2]). Then |t = (Ax. L tg) | t2, and it reduces
to (Jto)[x :=]ta], that has case normal form (and therefore reduces in 0 or
more steps on) | (tolx := t3]).

4. If t = {0} - to, either t' = {0'[} - to or {0[ - t{, with & —p 0" or tg —p t{, and we
conclude by induction, or t' = u withtg =c and c+— u € 6, or t’ = " and ty = "X.
In both last cases, |t = { L0} - to —Lt'. O

Corollary 3.1.4. If |t € PN,, then t & PN,.

PROOF : First u € Red,(t) implies | u € Red.({t) by Lem. 3.1.3. Thus Lem. 3.1.2
entails that all reducts of t are defined as soon as all reducts of |t are. That is, t is
hereditarily defined if |t is.

Now assume there is an infinite reduction t = tg — t; — to... Since — is strongly
normalising, this reduction chain contains an infinity of —p reduction steps: t = ty —*
tiy =B tj =" ti, =B tj, ...

For every k, | t;, =1t and | t;, —"|t; by Lem. 3.1.3. Hence there is an infinite
reduction

Th41

=1ty =T 1ty =1ti, =1 Lty =Lti, =T Lty ...

This is absurd if |t is strongly normalising. So finally if |t is perfectly normalising then
t strongly normalises too. O

This corollary allows us to formulate differently the last condition in the
definition of reducibility candidates. We call (CR}) this alternative condition.

Lemma 3.1.5 (Condition (CR})). We say that a set of terms S satisfies (CR})
when

for every term t, |t € S impliest € S. (CR})
Then, for any set of terms S, (CR2) A (CRy) is equivalent to (CR) A (CR})).

PROOF :  First remember that (CRs) is equivalent to (CRS) (Lem. 3.1.1). Now assume S
satisfies (CRy). Ift is a term such that |t € S, we can see by induction on the reduction
t —=*]t that t € S. So (CR}) holds. Conversely, if S satisfies (CR,) and (CR)), then for
anyt’' € S and any t — t', we have |t = |t/ isin S by (CR}) (since t' —*|t’), thust € S
by (CR}). O

In the following, to characterise a reducibility candidate, we may use either

(CR1) A (CR2) A (CR3) A (CRy4), or (CR1) A (CRS) A (CR3) A (CR}) depending on what
1S more convenient.
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yiRema'rk 3.1.2 . The set PN, is a reducibility candidate: it obviously satis-
fies (CR1) and (CR2), and also (CRs) since a defined closed term whose all reducts
are in PN, is in PN, itself. Last, Cor. 3.1.4 entails that PN, satisfies (CR}).

3.1.2 Closure property

In this section, we give a way to construct a reducibility candidate from a set
of perfectly normalising terms. A non-expanded candidate is a set of terms that
satisfies (CR;) and (CRg). Sets that satisfy (CR4) in addition (or equivalently
(CR}))) are called pre-candidates of reducibility. We write PCR for the family of
pre-candidates. For instance {c} is a pre-candidate for any constructor c. We
will see that such pre-candidates can be closed by (CR3) to obtain a reducibility
candidate.

Definition 3.1.2 (Closure)

For X C A,, we note X its closure by (CR3). It is defined inductively by

teX te ANy Red(t)CX
te X teX

Lemma 3.1.6 (Closure of a pre-candidate). If P € PCR, then P isthe smallest
reducibility candidate containing P.

PROOF : P satisfies (CR3) by definition. Using the inductive definition, it is immediate
to check that it satisfies (CR1) and (CRz). Now we prove that it satisfies (CR}). Lett € A,
such that [t € P, and show that t € P by induction on its derivation.

1. If [t € P thent € P since P € PCR and thus satisfies (CR}).

2. Else |t € Ap and Red(}t) C P. In that case, t also is in A} (Rem. 3.1.1) and for
all u € Red(t), Ju € Red.(lt) (Lem. 3.1.3). Moreover, Red,(t) C P by (CR}),
thus Lu € P. By induction hypothesis, it implies that u € P. Hence Red(t) C P,
sot € P for being neutral.

Finally P is a reducibility candidate. Moreover, if a reducibility candidate A contains P,
it also contains P by (CR3). So P is the smallest candidate containing P. O
In the previous lemma it would not be sufficient to assume that P is a non-

expanded candidate, to conclude P € CR, as shown by the following example.

yiEzample 3.1.3 . Let t = Ay{c—cl} -y and w = {cr c[}- A\y.y. Then u — ¢.
The set S = {\z.t} satisfies (CR;) and (CRy) but S does not satisfy (CRy4) since

Az.u ¢ S. So S is not a reducibility candidate.

We now characterise precisely when a non-expanded candidate can be closed
to obtain a reducibility candidate.
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Lemma 3.1.7 (Closure of a non-expanded candidate). Let S be a non-expanded
candidate. Then S is a reducibility candidate if and only if, for any t,t' € A,,

t—1t =
t,es}:teS

PROOF :  The implication (“only if” side) is trivial by (CRy4). We prove the converse.
Assume that for any t,t' € A,, t —t' witht’' € S implies t € S. By definition S satisfies
(CR3). The closure operator ~ preserves (CRy) and (CRg), so these two properties also

hold in S. Now, we need to prove (CR;). Let [t € S. By Cor. 3.1.4, | t € PN,
implies t € PN,. We prove by induction on its reduction that t € S. Ift =]t it is clear;
else let t' such that t — t' —*|t. By induction hypothesis, t' € S.

1. Ift' € S then by hypothesis t € S.

2. Otherwiset' € Ap and Red(t') € S (by definition of the closure operator). Hence t
also is in Ap (same as Rem. 3.1.1). Moreover given v € Red(t), | t —=*| u
by Lem. 3.1.3. So | v € S by (CRg), and v € S by induction hypothesis.
Thus Red(t) C S and t € S.

Hence S satisfies also (CR}), it is then a reducibility candidate. O

fRemark 3.1.4 . Stability under (CRs) also entails that all reducibility candi-
dates are infinite: first they are non-empty since they all contain the Daimon,
as neutral and irreducible term. Moreover, if A € CR contains a term ¢, it also
contains {lc — t[} - c. as a neutral term whose all reducts (by induction on the
reduction of t) are in A. So we can construct an infinite family of (different)
terms in A. Even the smallest reducibility candidate, the closure of the empty

set () is infinite. In fact it is often more relevant to focus on the wvalues of a
reducibility candidates, as it is formalised in next section.
Remember that a reducibility candidate whose all values are data-structures

is called a data-candidate. The class of data-candidates, TC, will be helpful to
interpret data-types.

yiRemark 3.1.5 . Since the closure by (CR3) only adds neutral terms, if P is a
pre-candidate whose all values are data-structures, then P € TC. In particular

{c} is a data-candidate for any constructor c. A

3.1.3 Reducibility candidates and values

In this section we show that reducibility candidates are completely defined by
their values, and also that they satisfy a property called the principal reduct
property, that will be needed in the following section.

First notice that Prop. 2.1.1 remains valid in A_-calculus.

Proposition 3.1.8. Every defined closed term that is irreducible for A -rules is
either the Daimon or a value.

PROOF : Same proof as the one of Prop. 2.1.1, as it does not use rule CASECASE. [
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A reducibility candidate is stable under reduction and under expansion for
neutral terms. As a consequence, it is entirely determined by its values. We call
values of a term t (or of a set of terms S), and we write V(t) (resp. V(5)), the
set of values to which ¢ (resp. a term of S) reduces:

V(t) = Reds(t) NV

Remark that, given A a reducibility candidate, V(A) is a priori not a pre-
candidate, even not a non-expanded candidate. Indeed, V is not necessarily
closed by reduction because of rules LAMAPP and LAMDAI. It is neither closed
by (CR4)because of rule CASELAM.

yiExample 3.1.6 . Consider the reducibility candidate S, with
S={ x{c—=c}-z ; {c—cf}-Azax}.
(It is actually a reducibility candidate by Lem. 3.1.6 since S € PCR). Then

{c—c}-Ar.x — Az.fc cf} -z, whereas Az.{c = cf} - z is in V(S) and

{{c+ c[} - Az.z is not. So V(5) is not closed under (CRy).

Also it is generally not possible to use the closure operator on a set of values
V(S) to construct a reducibility candidate. However, the values of a reducibility
candidate are, to some extent, sufficient to define it (Cor. 3.1.10).

Lemma 3.1.9. Ift € PN, and A€ CR, then te A < V(t)C A.
In particular, if A € CR, then A=YV(A).

PROOF :  The implication is obvious using (CR%). We prove the converse by induction
on the reduction of t (that is well-founded for strongly normalising terms). Assume
V(t) € A and prove that t € A. Ift is a value it is clear since t € V(t). Otherwise
t € Ap, and for all w in Red(t), u € A by induction hypothesis (since V(u) C V(t) C A).
Sot € A by (CRs). O

Corollary 3.1.10. Let A,B € CR. Then V(A) =V(B) iff A= B.

PROOF :  We show the implication, the converse is obviously true. Let A,B C CR,

such that V(A) =V(B). By Lem. 3.1.9, t€ A & V() C A
s V(i) € V(A
< V(i) € V(B
< V(i) € B
& tekB a

The characterisation of a reducibility candidate by its values will be used in
the next section to prove that the class CR is stable under union. For that, we also
use a sufficient condition described in [Rib07b]: the principal reduct property.

Lemma 3.1.11 (Principal reduct property). Every reducible term t € Ap has
a reduct (in one step) u € A, such that

t—="v Avey = u—"v

A term w that satisfies such a property is called a principal reduct of t.
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PRrROOF :  We inductively define, for every t € Ap that can reduce on a value, the
term p(t):

p(()‘xtO)tltk) = t()[l’ = tl] to... 1L
p(({0} - to)tr.. . tx) = p({O} - to)tr .. tk
p({0] - ©) = u ifc—uch
p({0} - Ax.to) = Az AOf - to

PO} - tat2) = ({0} - t1)t2
(ol - {1l - to) {01} - p({2 - to)

By structural induction on t, it is immediate to check that

1. t — p(t), and

2. if t — u, either u = p(t), or p(t) —* p(u) (for the first case, remember that if
to — t{ then tolz := t1] — t([z := t1] by [AMRO0Y, Lem. 9))

This insures that p(t) is a principal reduct of t: we show that t —* v with v € V implies
p(t) —=* v by induction on the reduction t —* v. Since t is not a value, there is at least
one step in the reduction. Let u be the first reduct. By induction hypothesis, there is a
reduction p(u) —* v, and we can conclude since p(t) —* p(u):

*

t U
J l -
(t )

) —*p(u

v

p

Hence for any t € Ap, and any v € V, if t reduces on v, then p(t) also does. So p(t) is a
principal reduct of t. O

3.1.4 Candidates operators

In the next part, we define a model of the A -calculus, that interprets every
type by a reducibility candidate. Therefore, we need to interpret basic types
(Rem. 3.1.5 might give a hint), but also type operators in CR. In this section, we
define arrow, application, union and intersection for reducibility candidates.

Arrow. The arrow is defined in the usual way.

Definition 3.1.3
Given S and S’ two sets of terms, S — S’ is defined by

S—S ={t/YuesS tucs}

Lemma 3.1.12. If S is a non-expanded candidate (i.e. a set of terms satisfy-
ing (CR1)and (CRg)) that is non-empty, and A € CR, then S — A € CR.

PROOF :  (CRy) Lett € S — A. There exists u € S, and tu € A C PN,. Sot € PN,.

(CRg) Let t € S — A and t' € Red(t). For any u € S, tu — t'u. So tu € A implies
t'u € A since A is closed under reduction. Hencet' € S — A.
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(CR3) For any t € A such that Red(t) C S — A, we prove that u € S implies tu € A
by induction on the reduction of u. Since t € Ap, tu is not a data-structure so
tu € Ap. Furthermore t is not an abstraction so every reduct of tu is either Y& (if
t ="H), or t'u with t' € Red(t), or tu’ with v — u/. In any case it belongs to A:
"X by (CR3), t'u because t' € S — A, and tu’ by induction hypothesis. So tu € A
by (CRs), thust € S — A.

(CRy4) Let t — t’ such that t' € S — A. For any v € S, tu — t'u and t'u € A. So
tu € A by (CRy) in A.
Finally S — A is a reducibility candidate. O

This lemma is stronger than the one we usually need:
A,BeCR implies A— BeCR (3.1)

Indeed, this proposition is entailed by Lem. 3.1.12 because every reducibility
candidate is non-empty (they all contain the Daimon, c¢f. Rem. 3.1.4). However
we relax the hypothesis in the lemma for a subsequent need.

Application. The application of two sets of terms is defined in the expected
way: for S and S’ sets of terms,

SS = {tu/teSanduec S}

There is no reason for CR to be closed under application. Indeed, none of (CRy),
(CR2), (CR3) and (CRy4) is preserved by application. However, the following lemma
will be sufficient to establish the model.

Lemma 3.1.13. If D € TC and A € CR, then DA € TC.

PROOF : First notice that DA = DA U {4} (since "4 is neutral with no reduct, it is
in the closure of any set). We call S the set DA U {H}, and we will first prove that it
is a non-expanded candidate. Then we will prove that t' € S and t — t' imply t € S.
Also S € CR will result from Lemma 3.1.7.

1. Let t € S. Ift is the Daimon, it is perfectly normalising and it has no reduct.
Otherwise, t = tity with t; € D and ty € A. We show by induction on their
reduction that t € PN, and Red(t) C S. Term t; is not an abstraction since it is
in a data candidate, so every reduct of t is either 4 (if t; = "X), or a term on the
form ity or t1t}, with t; — t;. All this reducts are in S, and they are perfectly
normalising (possibly by induction hypothesis). So Red(t) C S and t € PN,.
Hence S satisfies (CR1) and (CRg).

2. Lett — t' such thatt' € S. Thent' = t1ty witht; € D and ty € A. Eithert = tits
or tity with t; — t; (in that case t € DA since D and A are closed by expansion
for =), or t = {0} - (tot2) and t; = {0} - to. In the last case, t € ANp: both
{0} - to and ty are defined (they are in reducibility candidates) so {0[} - (tot2) also
is defined, and it is not a value. We show that all its reducts are in S. Note that
to is not an abstraction (if tg = A\x.t(, then t; — Az {0} - t;, ¢ D), so a reduct u
of {0]} - (tot2) may have three different forms:

(a) u=1t. Henceue S CS.
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(b) uw = {0} X (if to = ). In that case u € Ap and all its reducts in any
number of steps until ¥4 are in Ap, so u is in S.

(c) u=A{0]} - (¢t4th) with — 0" and t; = t;, or 0 = 0" and t; — t.
In that case, u — u' = ({0} - t4)t3, and ' — u' so v’ € S by (CRa).
Thus u € S by induction hypothesis.

Hence any reduct of t is in S, and thus t € S by (CR3).

By Lemma 3.1.7, DA = S € CR. What is more, all values of DA are in DA, thus they
are applications, so they are data-structures. Finally, DA € TC. O

Notice that we consider the closure of set application for a data-candidate
and a candidate. In general, the closure of the application of two reducibility
candidates would not form a reducibility candidate, as shown in the following
example. This is intuitively due to the same reason why we do not consider
general type application, but we restrict it to data-types: good properties (among
which the perfect normalisation property) are insured to be preserved by applying
a term t to w if ¢ is not (and does not reduce on) an abstraction.

yiExample 3.1.7 . Consider the reducibility candidate A = {I}, where I = \z.x
Then IT € AA, but IT — I and I ¢ AA. Thus AA is not closed under (CRg) and

thereby is not a reducibility candidate.

Intersection. As usual', reducibility candidates are well-designed for set in-
tersection.

Lemma 3.1.14. Let (A;);ez be a family of reducibility candidates, and (D;)iez
a family of data-candidates. Then, (\;cz Ai € CR and (.7 D; € TC.

PROOF :  Each of the conditions (CR1), (CRz), (CR3) and (CRy) is preserved by intersec-
tion, so (), A; and (.7 D; are reducibility candidates. Moreover, the values of ;. D;
are values of data-candidates, hence they all are data-structures. Hence, ;e D; €
C.

Union. For a long time, union has been considered as problematic for Girard’s
reducibility candidates (see for instance [Wer94, Sec. 3.8.4]). The main difficulty
is that condition (CR3) is not preserved by union: if S and S” are two sets closed
under (CR3), and ¢ is a normal term such that Red(t) C SUS’, it does not mean
that Red(t) € S or Red(t) C S’. That is why we cannot conclude in general
that t € SUS".

However, [Rib07b] proposes a detailed analysis of reducibility candidates, and
highlights a sufficient condition for them to be stable under union: the so-called
principal reduct property. This condition is valid in our calculus (Lem. 3.1.11).
Also we adapt the proof of Riba to our definition of reducibility candidates in
order to get their stability under union.

'The different versions [GLT89, Tai67, Par93] of reducibility candidates aim to interpret
polymorphic type system, and the second-order universal quantification is always interpreted
by a generalised intersection.
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Lemma 3.1.15. For any family (P,)icr, of pre-candidates, | J P; C |J P;.

PROOF : By induction on t € |J P;, we show that t € P; for some j € I.
1. Ift € \J P;, then there is j € I such that t € P;, hencet € ?j

2. Ift € Ap and Red(t) C |J P, let u be a principal reduct of t. Then V(t) = V(u)
(Lem. 3.1.11). Since u € Red(t), u € P; for some j by induction hypothesis. So
V(u) C P; by (CRg), and using Lem. 3.1.9 we get t € P;. O

Corollary 3.1.16. Let (A;)iez be a family of reducibility candidates, and (D;)iez
a family of data-candidates. Then, | ;.7 Ai € CR and | ;.7 D; € TC.

PROOF : All candidates A; satisfy (CR3), thus A; = A; for any i. By Lem. 3.1.15, it
means that |JA; is included in |JA;. The converse inclusion also holds by definition,
so |JA; = JAi. Moreover, |JA; is pre-candidate since (CR1), (CRg) and (CR4) are
preserved by union. Thus |J.A; is a reducibility candidate (by Lem. 3.1.6), and so
is |JA;. In the same way, | D; is a reducibility candidate, and all its values are in some
data-candidate Dj, so | JD; € TC. O

Finally, we have provided family CR with operators arrow, union and intersec-
tion, and family C with union and intersection. Thanks to the closure operator,
we also have an easy way to construct a new data-candidate by applying a data-
candidate to an other reducibility candidate. Also the interpretation of types by
reducibility candidates will be quite straightforward.

3.2 Denotational model

In this part we associate to every type T a reducibility candidate that contains all
the terms which are typable by T'. Seeing typed terms as terms of a reducibility
candidate or a data-candidate will then enable a finer analysis of their properties.

3.2.1 Types interpretation

To achieve the definition of type interpretation, we need to give the interpretation
for type variables. For that, we use wvaluations, i.e. functions matching every
data-type variable to a data-candidate, and every type variable to a reducibility
candidate.

Given a valuation p, the interpretation of a type T in p, written [T],, is
defined inductively in Fig. 3.1. We also associate to T' (seen as a type for case
bindings) and p the set of case bindings [T7],.

Lemma 3.2.1. For every type T, if p is a valuation such that dom(p) C TV(T),
then [T, € CR. Moreover, if T is a data-type, then [T, € TC.

PROOF : By structural induction on the type T, using Rem. 3.1.5 for constructor
types, Lem. 3.1.13 for application types, (3.1) for arrow types, Lem. 3.1.14 for intersec-
tion types and universal quantification, and Cor. 3.1.16 for union types and existential
quantification. O
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Type interpretation by reducibility candidates:

[a], = p(a) [TNUl, = [T],Nn[U],
[X]p = p(X) V.Ul = Nuere [Ulpamsa
[c], = @ VX.Ulp = Naecr [Ulpx—a
[DT]p = [D]p [T]p [TUU]p = [T]pU [U]p
[T = U], = [T, = [Ul, [FeUly = Usere [Ulpamsa
]

[
p = UAeCR [U]p,XHA

Type interpretation for case bindings:
[TT, = {0/ z. {6} - = € [T],}

Figure 3.1: Interpretation of types

Notice that we need to use the closure operator to interpret data types. In-
deed, for D € TC and T € CR, the set DT does not satisfy (Crg): if ¢ € D
and u € T, with both terms in normal form, then the only reduct (assum-
ing t # ") of the term {jc — tul} - ¢ is tu € DT, but {lc — tul} - c itself is not an
application, and thus is not in DT . However, this interpretation of types gives a
very precise notion of data-types, considering their values.

Proposition 3.2.2. A term t is a value of [cTi... Ty, iff t = cti...t
with t; € [T;], for each i.

In particular, every t € [cT} ... Tj], is a perfectly normalising closed term, and
Prop. 3.1.8 insures that it reduces on a value or on the Daimon. An immediate
consequence is that ¢t € [¢T7 ... T}], implies

t =" cty ...ty for some t; € [T;], (i<k) or t —* K

PROOF :  We show the implication, as the converse is straightforward from an induc-
tion on k. We proceed by induction on k. If k = 0, it is straightforward from the
definition of [c],,.

Else [cTy ... Ty], = [€Th ... Tp—1],p[Tk],, and

V([eTy ... Thl,) = V([eTi ... Teer], [Tk],)

So, if t is a value of [cTy...Ty], it is on the form ww' with v € [cT}...Typ_1], and
o' € [T}],. Moreover, if uu' is a value, it is necessarily a data structure, and u also
is a data structure. Hence u is a value of [¢Ty...Ty_1],. By induction hypothesis
uw=cty...ty—1 witht; € [T;],, and we conclude with t;, = u’ € [T}],. O

Corollary 3.2.3. For any constructor c and any types 11, ..., Tk,

[CTl . Tk]p = C[Tl]p.. . [Tk]p .
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PRrROOF : By Prop. 3.2.2, V([cTi ...Ty],) = c[T1], ... [Tk],. Since the closure operator
only adds neutral terms to a set, V(<c[T1],...[T}],) alsois c[Ti], ... [Tk],, and Cor. 3.1.10
entails the equality. O

Soundness w.r.t. sub-typing

Within this interpretation of types, the sub-typing relation becomes the usual
sub-set relation.

Lemma 3.2.4. For any types 11,15, if 11 < Ty then for any valuation p,
[T1], C [T3], -

PROOF : By induction on the derivation of Ty < T>. Rules Refl and Trans are trivial.
Union and intersection rules are straightforward from the definition. Introduction and
elimination rules for quantifiers V and 3 use the equality [T, ,v], = [T{U/v}],.
Arrow is standard, and Discr comes from Proposition 3.2.2: [clf]p N [cz(j]p has no
value if ¢y # co and thus is smallest than any candidate.

We detail rules App and Data, the other rules (commutation rules for type operator)
are easy to check: we actually introduced them in the calculus because they were valid
in the model (see page 26).

A DD T<T
PP < DT
Remark that D C D' and T C T imply DT C D’T’, and notice that the closure
operator is monotonic on sets of terms.

Data: DT — DT
Let p a valuation and t € [D],. Now choose u € [T],. Then tu € [D],[T],, and
this set is included in [D],[T], = [DT],. Hence tu € [DT|, for all v in [T},,
sot e [T — DT),. O

Inhabitants of bottom

In System F, type False is represented by VX.X. In our type system, there is
the same False type, but also a False data-type Va.a. Since every data-type is a
type, VX.X < Va.a is, unsurprisingly, derivable:

V—elim 7VXX <a
VX.X <X Va.a
In the reducibility model these both types are actually identified:

Va.al, = VX.X], =0 .

V—intro

Indeed, () is included in every reducibility candidates (by (CR3)), so § C [Va.q] p-
Moreover, [Va.al, C [c],N[c], (where c and ¢ are any two different constructors),
and [c], N [c/], is a reducibility candidates with no value. Hence [Va.a], C 0.

Every term of @ is perfectly normalising, so it reduces on a normal form in (.
By Prop. 3.1.8, it necessarily reduces on the Daimon. In fact the semantics of
False type (and False data-type) contains all perfectly normalising terms that
are what is sometimes called hereditarily neutral: terms that never reduces on a
value.
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3.2.2 Soundness

In this section we prove the adequacy of the model: if a Ag-term has type T,
then it belongs to the interpretation of T' (and thus is perfectly normalising).

The reducibility candidates model deals with closed terms, whereas proving
the adequacy lemma by induction requires the use of open terms —with some as-
sumptions on their free variables, that will be guaranteed by a context. Therefore
we use substitutions o, T to close terms and case bindings M:

o7 = 0|z—uo My=M; My yo= Mz :=1u,,

We complete the interpretation of types with the one of judgements: given a
context I', we say that a substitution o satisfies I' for the valuation p (nota-
tion: o € [I'],) when

(z:T) €T implies o(z) € [T], .

A typing judgement I' ¢ : T (or ' F 0 : T') is said to be valid (notation: ' F ¢ : T
or I' = 6 : T respectively) if for every valuation p and every substitution o € [I'],,

te € [T, (resp.0, € [T],)

The proof of adequacy requires a kind of inversion lemma for CR. Remember
that Red,(t) denotes the set of all reducts (in any number of steps) of a term t.

Lemma 3.2.5. For any A € CR, any terms t,u, and every non-empty non-
expansed candidate S,

tue A & t€ Redi(u)— A (3.2)
AxteS—A & foralseS tlxr:=sl€A (3.3)

PROOF : (3.2) If tu € A then for any v € Red,(u), tu —* tu', hence tu' € A
by (CRj). Sot € Red.(u) — A.
Conversely, if t € Red,(u) — A then tu € A since u € Red,(u).

(3.3) If \z.t € S — A, then for any s € S, (A\x.t)s € A, so (Ax.t)s — t[x := s] implies
tlr := s] € A by (CR2). Now, if tjx := s] € A for some s € S, then t € PN,
by Lem. 2.1.2. Moreover, for any s’ € S, we can easily check by induction on
the reduction of t and s’ that (Ax.t)s' € A: it is in Ap, and all its reducts are
in A. O

Remark 3.2.1 . If u € PN,, then Red,(u) is a non-expansed candidate, and so
Red,(u) - A € CR by Lem. 3.1.12. Also, if u; € PN, for 1 <i <k, then

tuy...uy € A < te Redy(u;) — ... — Redy(ug) — A

directly results from (3.2) and an induction on k. A
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The following lemma will help proving the correctness of the typing rule Cb
in the model:

o Lhus U—T 04 typable for each d € dom()

= (c—ueh)
'=0:cU—1T

Lemma 3.2.6. Let Ay,...,Ax,B € CR and 0 € PN,. Assume c — u € 0, with
u€ A— B (where A= Ay;...; Ag). Then

tecA;... Ay — {IHI}-tEB

PRrROOF :  We prove that for all § € PN, with c+— u € 6 and u € A= B, and for all
t€cA ... Ay, the term {0[} - t is in B.
Ift is a value then t = cty ...t with t; € A;, so
{0} -teB if ({0} -c)tr...tx €B (CRS), (CRY)
iff {0} -c € Red.(t1) = -+ — Red.(ty) = B (Rem. 3.2.1)
But Red,(t;) C A;, so Ay — -+ — A = B C Red,(t1) — -+ — Red.(tx) — B. More-
over an immediate induction on the reduction of 6 ensures that {0[} - c is in A = B:
this term is in A} and its reducts are either {0} - ¢ with § — @' (that is in A — B by
induction hypothesis), or u (that is in A — B by hypothesis). So {0} - ¢ is in A — B
by (CRs), thus it belongs to Red(t1) — --+ — Red.(tx) — B and so {0} -t € B.
Now assume t is neutral. It has the form hty ...t, with h =4 or h = {¢[} - ho and
n >0, or h = Ax.hg and n > 1. We prove that {0} - ¢ is in B by induction on the
reductions of § and t.

1. First consider the cases where h =7 or {¢[} - ho, and n > 0:

{0} -teB iff ({0} -h)t1...t, €B (CRS), (CRY)
iff {0} - h € Red.(t1)— -~ = Red.(t,) — B (Rem. 3.2.1)
Note that {0} - h € Ap and Red.(t;) — --- — Red.(t,) — B is a reducibil-
ity candidate by Lem. 3.1.12. So it is sufficient to show that it contains all
reducts of {0} - h. They are either &, or {0'}} - b’ with 6 — 6’ and h = I
or h = h' and 6 = 0. The Daimon is in every reducibility candidate, and
{0’} - h' € Red.(t;) — --- — Red.(ty) — B by induction hypothesis. So

{0} - h € Red.(t1) — -+ — Red.(tx) — B by (CR3), and {0} - t € B.

2. Now consider the case where h = Ax.hy (with « ¢ fv(0)), and n > 1.

{0} -te B iff Az A0} -ho)t1...tn, €B (CR%), (CR))
iff Az A0} - ho € Reds(t1)—---— Red.(t,) — B (3.2)
iff  for all s € Red,(t1),

{0} -holz := s] € Red.(tg) = - — Red,(ty) — B (3.3)

Furthermore, for any s € Red.(t1), t =* (Ax.hg) sta...t, = ho[z == 8|ta.. .ty ;
thus {0} - (ho[z := s]t2...t,) € B by induction hypothesis.

Hence, ({0} - ho[z := s])t2...t, € B by (CR}), and thus by (3.2), {0]} - ho[z := $]
belongs to Red,(t3) — - -+ — Red.(ty) — B. Also {0} -t € B.

Finally, {0[} - t always belongs to B. O

Adequacy lemma We finally prove that every derivable judgment is valid.
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Proposition 3.2.7 (Adequacy). Given a term t, a case binding 6, a context T’
and a type T,

r+t:T = TEt:T (3.4)
I'H6:T = TEO:T (3.5)

PROOF :  The proof is proceeds by induction on the derivation of ' =t : T orT'H6:T.
If the judgement is introduced by the rule Init,False (remember that Y& is in every
reducibility candidate) or Constr,then it is obvious. If it comes from — elim it is a
direct consequence of the definition of arrow in CR, and the case — intro is a consequence
of (3.3).

If it comes from Inter, Union, or Univ it is straightforward from induction hypothesis.
If it comes from Subs, it is a consequence of Lem. 3.2.4. We detail the proof in case the
derivation comes from rule CB or Exist (Inter is similar to this last one).

(kg Uy = Ty)0, . ‘
Chb: Tr e el T with § = {c; —u; /1 <j<n}

Remember that the interpretation of a type T, seen as a type for case bindings is
[T, =40 / Aa{0]} -z € [T],}. Note (U1 ...Us) = U;, choose p a valuation and
o € [I'],, and show that A\x.{0,[} -z € [c;U; — T;l,. Lett e [ciU}-]p, By induction
on the reduction of f, and t, we show that (Ax.{0,[} - z)t € [T;],. This is a neutral
term, so it is sufficient to show that all its reducts are in [T;],. Thanks to induction
hypothesis we just have to consider the reduct {0, - t.

By Cor. 323, t € c;[Ualy...[Uik)p, and T' F u; U — T, implies
uie € [Uinl, = ... = [Ui]l, = [T3], by induction hypothesis. All terms in 0,
are perfectly normalising, so we can use Lem. 3.2.6 to get {0, - t € [T;],. Hence
Az {0, - x € [CZ[jZ — T;],, wich means 0, € [[clﬁl — Ti] .

e:THt:U
Fz:JwTHt:U

Exist:

Ve TV (U)

Choose a valuation p, and a substitution o € [,z : Iv.T1,.

Then o(xz) € Uacer (Tlpsa. Hence there is some A € CR such that
o(x) € [T)ppsa. Also o € [I'x:T],,4. By induction hypothesis,
(Lx:T)Et:U,sot, € [Ulppsa. Sincev ¢ TV(U), it means that t, € [U],. O

yiRemark 3.2.2 . For a closed term ¢ and a closed type T' we immediately get
[T] € CR , and Ft:T = tell]. A

3.2.3 Perfect normalisation without CaseCase

Remembering that reducibility candidates are included in PN,, an immediate
consequence of Rem. 3.2.2 is the perfect normalisation of typed A -calculus.

Theorem 3.1. Every well typed term is perfectly normalising for A,.
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Furthermore, every closed and defined normal form is a value or the Daimon
(Prop. 3.1.8). Since the Daimon is never created by a reduction step, typing a
term with no subterm »X ensures that it strongly reduces —and without case
composition— to a value. We can even be more precise concerning data types:
if a term (written without »X) has type cTi...T}, then it reduces on a data
structure cty ...t (Prop. 3.2.2).

Now let us call a pure value a data-structure whose all sub-terms are data-
structures (such as cons 0 (cons (S(S0)) nil) for instance) and a pure data type a
data type whose all sub-types are data-types.

A pure value is trivially typable by a pure data-type (just replace every con-
structor ¢ in the term by the corresponding type constructor ¢ to obtain the type,
and use Constr and Data to derive the typing judgement). Conversely, every
closed defined normal term without "X in a pure data type is a pure value (by
induction on the structure of the term, using Prop. 3.2.2).

Hence, if ¢ is a term written without the Daimon, and D is a pure data type,

Ft:D == t strongly reduces in A, on a pure value of D

(where a pure value of ¢Dj ... Dy has form cv; ... v, with v; a pure value of D).
In that sense, we can say that case composition is unessential in this calculus:
it is not necessary to reach pure values.

Conclusion and future work

The reducibility model we have presented here ensures all the properties we
expected for the type system proposed in previous chapter. It is a syntactical
model and we conjecture that the typed A, -calculus is complete for this model,
in the sense that if a term t is in the interpretation of a type 7', then ¢ : T is
derivable. In Chap. 5 we construct a non-syntactic model for the untyped lambda
calculus with constructors in a category of domains.

However we did not deal with the issue of a non-syntactical model for the
typed (restricted) Ag-calculus. In particular, the semantic meaning of type appli-
cation remains to be established (even in the realisability model its interpretation
is not straightforward, and we have to use a closure operator). More precisely,
it would be interesting to define a notion of application types in the categorical
setting.
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Categorical model

Denotational semantics aims to interpret programs (including programs that do
not have normal form) by some values (the denotations). It is not concerned with
the computational behaviour of a program, but with its extensional properties.
The denotations are objects of some mathematical structure. The most basic
one is the universe of sets and functions, but more structured classes such as
lattices or topologies are often considered. Category theory outlines an abstract
setting to describe those mathematical structures. It provides elementary tools
to express what are the essential properties that a model must satisfy.

In Chap. 3, we have defined a denotational model (of reducibility candidates)
for the typed lambda calculus with constructors, whom the perfectly normalising
theorem resulted from. Here, we establish a notion of a model for the untyped Ayg-
calculus. We define it in a categorical framework, so that it can be instanciated
in different “concrete” mathematical structures.

We first recall briefly the categorical notions that we may need in the course
of the chapter. Then we formalise what we call a Ag-model, and we explain how
to interpret the Ay -terms in such a model. We also prove that this interpretation
is sound, in the sense that two Ag-equivalent terms receive the same denotation.
Finally we may present a Ag-model (the PER-model) that is complete for terms
with no match failure, in the sense that it attributes different denotations to
defined terms that are not extensionally equal.

4.1 A quick introduction to categories

Category theory is predicated on the idea that many properties of different math-
ematical constructions can be expressed in a unified way. Concepts of different
fields of mathematics (such as Set theory, as well as Topology among others) are
abstracted and enunciated with objects (that are nothing more than vertexes of
a graph) and arrows. Category theory is then a study of how these objects and
morphisms are structured all together.

It appears that it also proposes an appropriate setting for situations that
concern computer scientists. In this thesis we only need very basic notions of
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category theory, that we introduce in this section. The interested reader might
refer to the Mac Lane’s monograph [Lan71] for a more in-depth presentation.

4.1.1 Definitions and examples
A category C is given by:
e A collection of objects Obj(C) written A, B, C etc.

e For each pair of objects (A, B), a collection of morphisms C[A, B] written
f,9,h, ete.
We may write f: A — B when f is a morphism of C[A, B].

e For each object A, an identity morphism Ids : A — A.

e For each objects A, B,C, a composition operation: if f : A — B and
g: B — Cthen f;g: A — C. This composition is associative and has
identity morphisms as neutral elements:

filgs h)=(f;9);h fildp=f=1I4; f

yiExample 4.1.1 (Category of sets) . Set is the category whose objects are sets,
and such that Set[A, B] is the set of functions from A to B. Identity morphisms
and composition are the usual identity functions and composition of functions.

]

Objects and morphisms of a category C are usually represented with a graph
(a graph is just a family of vertexes with a family of arrows between them): a
vertex represents an object, and an arrow from A to B represents a morphism
of C[A, B]. We call diagram the interpretation of a graph in a category. A path
from A to B in a graph is a sequence of arrows

AeA Do, Boa, 0 o4 A -,

The interpretation of a path in a category is the composition of the morphisms
represented by each edge. Also the path above, seen as a diagram, is the mor-
phism f1 ; fo -+ ; fn_1. We say that a diagram commutes when each path
from A to B represents the same morphism, for any vertexes A and B.

yiExample 4.1.2 . In the category Set, let Nat and Bool be the sets of natural
numbers and of Booleans respectively. Write S the successor function on natural
numbers, even the function that says whether a natural number in argument
is even or not, and neg the negation function on Booleans. Then the following

diagram commutes:

Nat -2 Bool

Nat — Bool
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Isomorphisms An isomorphism between A and B is given by two morphisms
f:A— Bandg: B — Asuchthat f; g=1Ids and g ; f = Idg. When such an
isomorphism exists we say that A and B are isomorphic, what we write A = B,
or, to make the isomorphism explicit:

A B .

b(m)\

To be isomorphic is an equivalence relation, also we may sometimes consider
objects up to isomorphisms.

4.1.2 Cartesian closed category

Products The categorical product is a generalisation of the Cartesian product
of sets. The product of two objects A and B of a category C is given by an
object A x B of C and two morphisms m; : Ax B - Aand 7y : AX B — B
(respectively called the first and second projection of A x B) such that, for any
object C' with morphisms f : C — A and g : C' — B, there exists a unique
morphism h : C — A x B such that the following diagram commutes:

C The morphism A is the only one that makes the diagram

¥ : g commutes, that is why we draw it with a dashed line. We
h call it the pairing of f and g, and we denote it by (f, g).
N Notice that because the uniqueness of h, the product of

m ) two objects is unique up to isomorphism.

We can recognise the usual properties of the projections of Cartesian product:

f={ag;m g={f.9); T h = ((h;m), (h;my))

(The last equation results form the uniqueness of pairing, and is called the sur-
jective pairing property).

Notice that the categorical product is associative and commutative up to
isomorphisms:

((rysmy) s {(ry3my) s o))

(mg )

/\ N
(AxB)xC = Ax(BxQO) AxB = BxA

\—/ ~— —

(mg )

({my, (mg3m1)) , (m93m5))

If A and B have a product, and A’ and B’ also, then for any f : A — B
and g : A — B’ we write f x g the morphism ((7; f), (75;9)). It is called
the product of f and g, and it is the unique morphism such that the following
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diagram commutes:

T Ty
A——AxB——B

fl = [

A — A'x B’ — B’
Ty Ty

Generalised product The definition of the categorical product can be easily
extended to generalised products. A family of objects (4;);cr has a product if
there is an object Il;c7A; and a family of projection morphisms T (Hie IAi) —
A;j indexed by I such that for any object C' with morphisms f; : C — A;, there

is a unique morphism h : C' — Il;c1A; such that f; = h; 7, for all ¢ € 1.

o Finite product: If I = [l..n], then I;c;A; is called the n-ary product
of Ay,...,An_1 and A,. We might write it A; x ... x A,, or A" if all
the A;’s are the same object A. We also write 7' : Ay x ... x A, — A; the
ith projection morphisms.

e Terminal object: If I is the empty set, then II;c;A; is written 1, and is
called a terminal object. It is the unique object (up to isomorphism) such
that for any C there is a unique morphism !¢ : C' — 1.

Definition 4.1.1 (Cartesian category)

A category C is Cartesian if it has a terminal object 1 and if, for any
objects A and B the product of A and B exists.

In such a category, there is a unique morphism !4 in C[A,1] for each
object A, and a morphism in C[1, A] is called a point of A.

yiRemark: 4.1.8 . A category is Cartesian iff it has all finite products of objects.
Indeed, in the same way that we showed the associativity up to isomorphism, we
can decompose any n-ary product in binary products:

Ay X Ag X - X Ay 2 Ay x (Ag x (- X Ay)) A

Exponent In a Cartesian category C, the exponent of to objects A and B
is given by an object B4 and a morphism ev : B4 x A — B such that, for
any object C with a morphism f : C x A — B, there is a unique morphism
in C[C — B*] (that we write A(f)) such that the following diagram commutes:

c oxA—' B
A !

A(f)XIdAl ov

BA BAx A
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The morphism A(f) is called the curried form of f. Since, conversely, the
morphism f is uniquely determined from A(f) (as f = (A(f) x Id) ; ev), we may
call it the uncurried form of A(f).

Definition 4.1.2 (Cartesian Closed Category)

A Cartesian category C is closed if every pair of objects has an exponent.
In that case we say that C is a CCC.

The category Set is Cartesian closed: for any two sets A and B, the object B4
is the set of functions form A to B, and ev is the evaluation function.

We give some trivial properties of Cartesian closed categories that will be
needed in the following.

Lemma 4.1.1. If A and A’ are isomorphic, as well as B and B’, then A x A’
and B x B' are isomorphic:

f g [xyg
— = /

A =" B and A = B implies Ax A = BxB
f g vt
f'xgd

Lemma 4.1.2. In a CCC, for any morphisms f : A — A', g : B — B’ and
h:C — C’ both following diagrams commute:

R
R

(Ax B)x C +—— Ax (BxC) 1xA

—— A— Ax1
(fXg)Xhl le(gxh) IXfl lf lfxl
(A" x B") x C" «——= A" x (B' x (") 1x A Al e—— A x1

o)

Lemma 4.1.3. In any CCC, given four objects A, B,C and C’, and three mor-
phisms g: C x A— B, ¢ :C'"xA— Band h:C — (',

Alg) =hiAg) <= g=(hxIda);g .
PROOF : By uniqueness of the exponent.

The following proposition corresponds to the currification of functions:

Proposition 4.1.4. In a CCC, for any three objects A, B and C,
CBXA ~ (CB>A.

4.2 Categorical model of )y

4.2.1 Lambda calculus and CCC

In functional languages, functions are values. They can be either applied or
given as argument to other programs. In this sense, functions on programs live
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in the same universe as programs themselves. This intuition is well conveyed
in Cartesian closed categories: if two objects A and B represent certain classes
of programs, then there is also an object B representing the functions on the
programs of A that return a program of B.

It is well known [AL91, Chap. 8] that Cartesian closed categories have exactly
the good structure to interpret the typed lambda calculus. The idea is to interpret
a type T by an object Ap in a CCC and a judgement x1 : Uy, ..., x5 : Up ¢ : T
by a morphism [t] : Ay, X ...x Ay, — Ar. In particular, a closed term of type T
is represented by a point of Ar.

In the untyped lambda calculus, we artificially add a unique type T for all
terms, and we interpret it with an object D. A term t with free variables
in x1,...,x; is interpreted like the judgement xy : T,...,2x : T F ¢t : T in
the typed setting, i.e. by a morphism of D¥ — D.

Without type, any term can be applied to an other one, which means that
any point ¢ of D can be seen as a function on terms, i.e. as a point of DP. Let
us use the informal notation Z.t to denotes the function u +— t[z := u]. Then we
need a morphism app: D — DP (where x is fresh in ).

t — Z.(tx)
In the same way, a substitutive variable in an open term can be bound by a
A-abstraction. Also we need a converse morphism lam: DP — D
Tt — Azt
Now, if the model validates the [-reduction, it means that for any points ¢, u
of D, (Ax.t)u ~ t[x := u]. One one hand,

(ed)u = (app (Azd)) () = (app (Lam (&-t))) (u) .

On the other hand, t[x := u] = 2.t (u). Thus the S-reduction requires the
equality lam ; app = Idpp. This leads to the notion of reflexive object.

Definition 4.2.1 (Reflexive object)

In a Cartesian closed category, an object D is reflexive if there are two
morphisms app : D — D and 1am: D — D such that lam;app = Idp.

If in addition app;lam = Idp then D is isomorphic to DP. In this case the
n-rule is valid too. Indeed, for any point ¢ of D with = ¢ fv(¢), then

Azx.(txr) = lam(z.(tx)) = lam(app(t)) .
Hence app;lam = Idp implies Ax.(tz) ~ t if ¢t ¢ fv(t).

In the next section we constrain a CCC with a bit more structure in order to
build a model for the lambda calculus with constructors.

4.2.2 Ay-models

From now on, we consider that the set of constructors is finite:

€ = {c1,...,¢cn} .
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Furthermore, in this chapter we restrict the calculus: we drop out the Daimon
in order not to overload the definition of a Ag-model. It is possible since the
Ag-calculus with no Daimon is stable by reduction (c¢f. the paragraph on Daimon
rules page 16), and we will see in next chapter that " can be encoded with a
term having the same behaviour in pure Ag-calculus.

Also in this chapter, A¢ denotes the lambda calculus with no Daimon and no
Daimon rules (but with rule CASECASE).

Like for the pure lambda calculus, a Cartesian closed category C that is
a model for the untyped A¢-calculus is provided with an object D isomorphic
to DP. Terms are interpreted by points of D. In particular, each constructor c
is interpreted by a special morphism ¢* : 1 — D.

A case-binding 6 = {¢; — u;/1 < i < n} is interpreted by a point of D".
Such a point is informally written  or (u;)}_;, and we then denotes by {C+ u}
the case-binding 6 that it represents. The way we interpret € if dom(0) # [1..n]
is detailed in the discussion p. 58. In the syntax, the case construct builds a
term {0} - ¢ from a case-binding # and a term ¢. It corresponds in the model to
this morphism:

case: D"xD — D
(u,t) +— {C—al}-t

Then {c¢; — w;/1 < i < nf}-¢ =~ wu; (rule CASECONS) means that
case (4,¢;) ~ m'(@). This amounts to the commutation of the diagram (D2)
(Fig. 4.1). In the same way, the rule CASECASE is valid if the diagram (D5)
commutes, i.e. if

_X X _
D'xDxD S pnypPxp 2, pnyp ¥ ,p
(@ t,t') @, itz ) @, ) e ap - (i)
is equal to
X _
D'xDxD -2, pyp_—" . ppyp ov D
(d,t,t") (Sl -t, t) (z.(e—aly - t)z , t') (Sl -t) ¢

To express the rule CASELAM we need a morphism that abstracts the case con-
struct from a variable:

case® = A(fease) : D" x DP — DP
(u,z.t) +— z.{C—uf}-t

Ian Xev case

where fease = (D" x DP) x D = D" x (DP? x D) —— D" x D —> D
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Then the rule CASELAM is valid if (D4) commutes:

lam case

° X1
D" x DP 2%, pb D — prxpP S prnywp 2, p
(@,it) @fcma)-t \efe—al-t (@) (@ \vt) {&— @] - Aat

In the same way, the rule CASECASE requires a morphism for the composition
of case-bindings:

o: D'x D" — D"
(4, (t:)i=y) = (Sl -ti)i,

It is defined as the pairing of the morphisms (Idp» x 7'); case, for 1 <i <n. So
it is the unique morphism that makes the diagram on the following commute.

n n

dxrn D,XD dxrn
1
1

D" x D r- D" x D
case | .II | case
D \\... D
Dn

Then the commutation of the diagram (D5) validates the rule CASECASE.

Interpretation of incomplete case-bindings. Interpreting a case-binding
{ci = w;/1 < ¢ < n} like the n-tuple (u;)!"; raises the problem of how to
interpret an “incomplete” case-binding 6 (with dom(f) C [1..n]). The solution
we have chosen here consists in adding a constant * in the model. Then we
interpret 6 by the n-tuple (u;)!" ,, where u; = 0, if ¢; € dom(f), and u; = *
otherwise.

This is not completely satisfactory, since it leads to unifying some non con-
vertible terms, such as for instance {c; — Az.z[} - co and {ca — Az.zx[} - c;: the
first term is represented by {Az.z, [} - c2 (assuming n = 2) which is equal to °,
and the second one by {, Az.zz[} - ¢; which is also equal to !

Moreover, this design requires an additional equivalence in the model, that
corresponds to the propagation of undefined branches of a case-binding while
case-commutation. Indeed, if ¢; ¢ dom(¢), then ¢; ¢ dom(f o ¢) for any case-
binding 6. Also 0 o ¢ should be represented by a n-tuple whose i component
is *. Yet, 0 o ¢ is interpreted by a n-tuple whose i'® component is {0} - u; if
ci — u; € ¢, and {0} - if ¢; ¢ dom(¢). That is why we need the equivalence
{0} - =~ ° (which corresponds to the commutation of (D6)).

'We could also have chosen to add n different constants ° 1,-.+, n in the model, each one to
complete only one branch of the case-binding. In that case {ci1 — Az.z[} - c2 would have receive
the denotation "2, and {c2 — Az.xzz[} - c1 the denotation “;1. However, {c1 — Az.x[} - c2 and
{c1 = Az.zz]} - c2 would both be interpreted by '2 whereas they are not A¢-equivalent.
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LAaMAPP/APPLAM CASECONS
Idp app b D" +—— D" x 1
—
D1 (:D Z) D2)| Hxe;
(1) e 02| [
lam
D case Dn X D
CAsSEAPP CAsSELAM
(D" x D) x D <= D" x (D x D)
casexId Idx (appx Id)
D x D D™ x (DP x D) D" x pP == pD
(D3) (D4) l J
appxId Idxev Idx1lam lam
DP x D D™ x D D"xD——7D
A Ase
D
CASECASE
(D" x D) x D <= D" x (D" x D)
Idpn x*
oXIdl Ichasel D'x1—> D"x D
(D5) D" x D prxp  |PY % la
1——D
case case

D

Figure 4.1: Commuting diagrams in a Ag-model
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Definition 4.2.2 (Ay-model)

A categorical model for the untyped Ag-calculus is
A = (C,D ,app,lan, (cf),",case) where

e C is a Cartesian closed category,

e The object D of C is isomorphic to D,

e All the ¢’s and * are points of D,

e app is a morphism of D — DP lam is a morphism of DP — D and
case a morphism of D" x D — D,

e The six diagrams of Fig. 4.1 commute ((D2) must commute for every
i€ [l.n]).

Equivalent definition. In fact we can simplify the definition of a Ag-model,
since the diagrams (D3) and (D4) are equivalent within the isomorphism D 2
DP. This can be understood from a syntactical point of view, given that the
commutation of the diagram (D3) validates the rule CASEAPP, and the one
of (D4) validates CASELAM. Remember that the rule CASELAM was introduced
in the calculus in order to close a critical pair (c¢f. Sec. 2.1.3). Thus considering
Ag-equivalence instead of reduction steps, it entails that CASEAPP and CASELAM
are redundant in presence of APPLAM:

{6} - (M\x.t) u
APW CASEAPP
{6[} - t[x := u] ({0} - Ax.t) u
Apm CASELAM
(A0} - t) u

Hence if CASEAPP and APpPLAM are valid then ({|0f} - Az.t) u ~ (Az.{0]} - t) u,
and if CASELAM and AppLAM are valid then {6[} - (Az.t)u ~ ({{0]} - A\z.t) w.

This is formalised in the semantic setting by the following proposition.

Proposition 4.2.1. If 1am and app form an isomorphism between D and DP,
then the diagram (D3) commutes if and only if the diagram (D4) commutes.

PROOF : Since (D1) commutes, (D4) commutes iff the following diagram commutes:

case®
D" x DP == pp

IdxlamJ{ Tapp .

D'"xD——D

case
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Write f = Idp» x 1am; case; app. Since case® = A(2%; Idpr xev; case), and by uniqueness
of the exponent, f = case® if and only if the following diagram commutes:

>~ ; Idpn Xev ; case

(D" x DP)y x D

f><§IdDJ( ev

DP x D

We can detail this diagram as follows:

Idpn xXev

(D™ x DP) x D —— D" x (DP x D) =3 D" x D

(Id x lam) x Id <g> (Id x app) x Id O Lanx(apprdD)
(D”xD)xDTD"x(DxD) case
dl (D3)

DxD——>DPxD—— D
appX Idp ev

Since the sub-diagram in the upper-left corner commutes (by Lem. 4.1.2), (D4) commutes
if and only if (D3) commutes. O

So we can omit the commutation of (D3) or the one of (D4) in the definition
of a Agy-model.

4.2.3 Soundness

Here we formalise the fact that the notion of Ag-models we gave in the previous
section effectively defines sound models for the untyped Ag-calculus. Remember
that ~,. denotes the reflexive, transitive and symmetric closure of —, the re-
duction relation in the Ag-calculus (with no Daimon).

Theorem 4.1 (Soundness). If .# = (C,D,lam,app,(c/)’ ,case,’) is
a Ag-model, then we can interpret each closed Ag-term t by a point [t] of D
such that

tngt = [ =1[]

The interpretation of a term is defined by structural induction, so we need to
consider open terms. Given I' = x1,-- - , xy a list of variables and ¢ a term (or 6 a
case-binding) whose all free variables are in I, [t]r is a morphism of D¥ — D (or
[0]r is a morphism of D¥ — D™) defined by induction in Fig. 4.2. If a term ¢ is
closed, we then write [t] = [t]y its denotation in 1 — D. We prove the Theo. 4.1
for all the Ag-terms, included the open ones.

Within the framework of this interpretation, morphism e actually corresponds
to case-composition, as it is formalised by the following lemma.
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[z)r =xF:DF =D
o (rslulr) appxidp o
[tu]p = DF—— DxD——D""xD——D
A(ft) am
[)\J}kJrl.t]F = Dk : DP . D
g [t]F72k+1
where f; = pkypD——— Dl —5 D
! k C*
[C]F = Dk D*’ 1 D
([0]r;[tr) case
6} -ty = DF ——> Drx D —=2,p
. nk n L [Uz]F ifggr—u; €80
B = (e i) s D D7 where gy = {400 G D

Figure 4.2: Interpretation of A\g-terms in a categorical model

Lemma 4.2.2 (Categorical case-composition). If the diagram (D6) commutes,
then for any case-bindings 6 and ¢, whose free variables are in T = {z1,...,z},
the following diagram commute:

i ([0]r;[A]r)
Df¥ ——— D" x D"

|- (4.1)
hd

[fod]r

PrOOF : If¢p = {ci— u;/i € J} (with J C [1..n]), then
Bodle = (oo f)  with gy ={ [P0 S
On the other hand, = (((Idp» x 7}); case), ..., ((Idp» x 7}'); case)). So
([0lr;[0]r) ; = {91, s9n),  with g; = ([0]r, ([¢]r; 7)) ; case .

IfieJ, [¢r; 7! = [w]r and then g; = ([0]r, [ui]r); case which is f;.
Ifi ¢ J, then [¢]r; 7 = !pe x . Hence

K2

<[9]Fx!Dk> Idpn x* case
gg=D——D"xXx1——D"xD—D
(16]r,!D*) ™ .
—D—>5D"x1 1 D (by (D6))
1DF .
=D 1 D
So g; = f; for any i <n, and ([0]r,[¢]r); e = [0og]r. N
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Sound interpretation The proof of soundness requires some usual prelimi-
nary lemmas (corresponding to context manipulation in the typed setting, and
to variable substitution).

Lemma 4.2.3 (Contextual rules).
Exchange: Let I' ={x1,...,x} and o a substitution over [1..k]. Write o(I") =

{c(1),...,0(k)}. Then, for any term t whose free variables are in T,
k k

the = (T5a) - Towy) 5 o) -
Weakening:  Let I' = {x1,...,x5} containing all free variables of a term t,
andy ¢ I'. Then

k k

[t]F,y = <7T1+17 ey 7Tk+1> ) [t]F .
PROOF : By structural induction on t. O
Lemma 4.2.4 (Substitution). Given I' = {z1,..., 2}, and two terms t and u

such that ftv(u) C T and fv(t) C T U {y},

(1 fulr) ~ i,
(tly == ullr = D* — DF x D — phtl —5 D

PROOF : ¢f. appendix A.1.1. O

The soundness theorem is then a direct corollary of the following proposition:

Proposition 4.2.5. If # = (C, D,lam, app, (¢;*)l,, case, ") is a Agmodel, then

=11
for any T' = {xz1,...,z} and any terms t1,ta such that tv(t1) C T and t; — to,
the interpretation given in Fig. 4.2 satisfies [t1]r = [t2]r.

PROOF : c¢f. appendix A.1.1. O

yiRemark 4.2.1 . As it was explained in the discussion page 58, in a Ag-model,
all match failing terms {0[} - ¢ (with ¢ ¢ dom(0)) receives the same interpretation:

ol - = . _

4.3 Completeness

In this part we shall prove the converse of Theo. 4.1:

Theorem 4.2 (Completeness). If t and t' are two hereditarily defined \g-terms
such that in any categorical Ag-model [t]=[t'], then

tog t .

It means that, without match failure, the diagrams of Fig. 4.1 are minimal.
Notice that, because of Rem. 4.2.1, the completeness theorem does not hold for
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undefined terms. The completeness result is established using the same method
as [FMO09]:

1. We define PER),, the Cartesian closed category of partial equivalence re-
lation compatible with ~,_ .

2. In this syntactic category, we construct a Ag-model .AZyp;.

3. Then we show that if [t] = [t/] in Msyns, then t >~y t'.

4.3.1 Partial equivalence relations

Partial equivalence relations (PER) are commonly used to transform a model of
the untyped lambda calculus into a model of the typed lambda-calculus [Mit86,
TC87]. Yet we use them here to instantiate the definition of Ag-models in the
category of PER on Ag-terms. Thereby we construct a syntactic model of the
untyped Ag-calculus.

Definition 4.3.1 (Ay—per)

Given a set X, a partial equivalence relation on X is a binary relation R
that is symmetric and transitive. We may write x = y : R instead of
(z,y) € R. A Ay—per is a partial equivalence relation R on A (the set of
all A\g-terms) that is compatible with A, which means:

t=t": L
{ ; ‘5 implies t=1ty: R
0 =X

Given a partial equivalence relation R, the class of an element e modulo R is
ei={e/e=¢:R}.

An element e is accessible by R when its class modulo R is non empty. We may
write e € R when e is accessible by R. Notice that if there is some ¢’ such that
e = ¢ : R, then by symmetry and transitivity e = e : R. In particular, R is an
equivalence relation on the set of its accessible elements. The domain of R is the
set of its accessible elements modulo R:

dom(R) ={ef/ec R}
Also all the following assertions are equivalent:
e=e:R ; ecR ; e®#£0 ; efecdom(R)

Notice that if a partial equivalence relation R is compatible with Ax then by
definition i
t >, t — fR:P . (4'2)
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The family of Ay —pers can be provided with the usual semantic operators: arrow,
intersection and product.

Definition 4.3.2 (Arrow)

If R and R’ are two Ag—pers, then R — R’ is given by
t=t:R— R when foranyu,v, u=u:R = tu=t'u:R.

It is also a Ag—per.

The definition of the arrow in the A¢—pers is more fine than in many struc-
tures (such as reducibility candidates, cf. Def. 3.1.3). Indeed, for any ¢ and
any R, R,
t € R — R implies Vu € R, tu € R’ . However this condition is conversly
not sufficient to conclude that t € R — R’. Take for instance R the closure
of {(c1,c1), (c2,c2)} under Ay-equivalence, and let R’ be ~,_ . Then for any
u € R, Az.x)u € R' (i.e. (Az.x)u ~5, (Az.x)u). Nevertheless A\z.x ¢ R — R/,
since ¢; = cp : R and (A\z.x)c1 %5, (Az.x)ca.

The product on Ay —pers is defined using the usual Church’s tuple encoding
in the lambda calculus:

(]a:l,...,a:kl)k = )\ffacla:k

wk = ppAxy...xp.25) (i€[1..k])

(2

. 2 . .
(We may write (z,y) for (z,y)2 and m, for ;). It satisfies the expected equiva-
lence: ¥ (t1,...,tk)k ~y, i

Definition 4.3.3 (Product)

Given (R;)i1<i<k a finite family of Ay—pers, the Ay —per Ry X ... x Ry, is
defined by

t=wu:Ry x...x Ry when for each i € [1.k], wFt=7Fu:R;

1

yiRemark 4.8.1 . In Agy—pers, we get surjective pairing for free in any product
Ag—per. Indeed, if (m ¢, mot) € A1 x Ay where A; and Ay are two Ay —pers, it
means (by definition of Ay x Ag) m,(mt, myt) € A;. Since m;(mit, mot) ~n, m;t,
then m,(mt, myt) = m;t + A;. Thus (mt, mot) =t : Ay X As.

_

4.3.2 Category Per),.

The category PER). is defined as follows:

e an object is a partial equivalence relation compatible with ~,_ .
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e a morphism from A to B is an equivalence class in dom(A — B).

We may write t : A — B instead of B

ambiguity.

: A — B when it raises no

e the identity morphism of a Ag—per Ais Idy = Ax.x € dom(A — A).
Indeed, if t = ¢’ : A, then (A\z.z)t ~), t and (A\z.z)t’ ~,, t’ and so
(Az.z)t = (Az.x)t’ : A by compatibility with ~. .

., - I .- = o AC

e the composition of t : A — B and t' : B — C'is t;t' = Az.t/(t2)

It is well defined since (#;#') € dom(A — C). Indeed, for any u = v’ : A,

(Az.t'(tz))u reduces on t'(tu). But tu = tu’ : B, hence t'(tu) = t'(tu’) : C

and t/'(tu') >y, (Az.t'(tz))u’. Since C is compatible with ~,_ this entails

Azt (tz))u = (Az.t/(tz))u’ : C and then A\z.t'(tz) € A — C. In the same

way, we can check that (¢; \z.x _>B) = ()\l'.l,‘A_)A;E) = ¢, and also that

this definition of composition is associative.

This defines correctly the category PER)... We also provide it with the structure
of a Cartesian closed category:

Product The product A; x As of two objects is their Agy—per product
(Def. 4.3.3), and the i** projection morphism (for i € {1,2}) is ;41424

Given t1 : C — Ay and t5 : C — As, the pairing

C
—_ PR — 1 J—
of t1 and 9 is 7 ! \{‘
' (t1,ta
————  C— A1 x A W< 1h2

(t1,t2) = Azw.(t12, t2x) . A« A x Ay = Ay
™ )

The following proposition ensures that this pairing is well-defined (it does not
depends on the representative of ¢; and t; that we choose), and that it defines
effectively a product in the category PER)., :

Proposition. If t; =t,: C — A; (for i =1,2) then
Az (t1x, tox]) = Ax.(t)x, tha) : C — Ay x As.
Moreover, (t1,t2) is the unique morphism such that the diagram above commutes.

PROOF :  The equality \x.(t1z, tax]) = Ax.(t)z, tha) : C — Ay X As and the commuta-
tion of the diagram directly comes from the compatibility of A; and Ay with ~,,. We
prove the uniqueness of the pairing. Assume there is a morphism h =1t : C — Ay x As
such that h;m, = [P (for i =1 and ¢ = 2). This means \z.m,(tpz) =t; : C — A;.
Hence for any u = v’ : C we can deduce the following equations one after the other using

compatibility with ~y_: (Az.m;(tpz))u = t; u c A
7, (thu) = t; u DA
7, (thu) = m(ty v t2 W) Ay
thu = (]tlu',tgu’[) : A1 X A2
thu = ()\w.(]tlx,tng)u’: A1 X A2
th = Ax.(trz,tez) : C — Al X Ay
Also h = (t1,12). O
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By compatibility with the Ag-equivalence for any ¢ € dom(B — C) and any
t' € dom(B’ — ("), the product of ¢ and #' is

txt = ((m;t),(mit)) = Ax.(t(mz),t'(myz)) (4.3)

We give the associativity and commutativity isomorphisms, that we may use in
the following:

Az (my (my2), (o (m) ), mox))

/\ Az.(my , )
T

(Ax B)xC = Ax (B xCC) AxB = BxA

\—/ ~— —
Ax.(my , my )

Az ((my z,my (o)) ;7o (7))

All those definitions are naturally extended to n-ary products.

fRemark: 4.8.2 . There is an alternative definition for the product in PER),:
given two Ag-pers Aj, As, define:

t Z)Kg (]tl, tg[)

with ti = U; . Al (fOI‘ 1= 1,2).
u ), (u1,usg)

t=wu:A; %Ay when {

Together with projection morphisms 7?1-’41*‘42_”41'

in PER).,.

, this defines indeed a product

Also A; x Ay = Ajx Ay by uniqueness of the product (Sec. 4.1.2). Furthermore,
t = wu: Ay x Ay implies t = u : Ay X As. The converse does not hold, and
also the surjective pairing (Rem. 4.3.1) is not valid for x: let A; be the closure
of {(m,c, m;c) } under Ag-equivalence for i = 1 and ¢ = 2. Then (m,c, moc) € A1x A
and so (mc,myc) € Ay x Ay, By Rem. 4.3.1, ¢ = (mc, moc)) : A1 x Ay. However
there is no terms ¢1,¢2 such that c ~,_ (t1,t2)), and thus c # (m,c, myc) : A * Aa.

]

Terminal object The Ay—per 1 = A x A is a terminal object in PER),. In
fact, for any Ay—per A, the relation A — 1 is equal to 1, and thus the unique
equivalence class modulo A — 1is !4 = A.

This terminal object is indeed neutral for the product (up to the isomorphisms
given in the diagram below).

™ Az.(z,z)
e
Ax1 = = 1xA
u ’\_/
Az (z,z) 2
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Exponent Given two Agy—pers A and B, B4 is the Ay —per A — B.

Cx A 3 B The curried form of a morphism ¢ : C' x A — B is
. ~——————C—BA
A(t)x[dl @ A(t) = Az Ayt (z,y)
Ay 4 and the morphism ev is Az.(m x)(myz) .

Again, A( ) is well-defined and together with ev it is indeed an exponent for A
and B:

Proposition. The definition of A(t) does not depend on the representative of
the class of t that we choose, and it is the unique morphism of C — B such
that the diagram above commuites.

PROOF : Ift =u:C x A — B then Az \y.t(z,y) = Az \yu(z,y) : C — B4 by

compatibility with ~_. We show the commutation of the diagram:
CxA—BAxA

Af) xId = dx.((Ax’ Myt (z',y)) (71;133) ) 7r2x|)A (4.3)
= Ar.(M\y.t (mz,y), x[)\CXA)H(B <

Mz Az (my2) (my2)) ((Az.(Ay.t (myz,y) Wzaxrllx)ﬁ)B

= Az.(Az.(myz)(myx)) (Ay-t((m2),9) , mp2)

(CxA)—B

CxA—B

(A(t) x Id);ev

= Azt (m 2, my2)

Using Rem. 4.3.1, we conclude that Az.t (myz,my2) =t : (C x A) — B. Moreover,

A(t) is the unique morphism that makes the diagram above commute (same method of
proof as for the uniqueness of pairing).

Also those definitions provide actually a Cartesian closed category.

Proposition 4.3.1. The category PER). is a CCC.

4.3.3 Syntactic model in Per,_ .

The set of Agy—pers forms a complete partial order for the inclusion order. The
least element is the empty relation, the greater one is A x A, and the least-upper
bound of a family of Ay—pers is the transitive closure of its union. Within
these A¢y—pers, some are total: each term is accessible by them. They are the
equivalence relations on A compatible with ~,_ . The smallest one is ~_,.

We call D the Ag—per ~,... We will see that it is a reflexive object in PER).,
and use it to construct a Ag-model in PER),, .

Lemma 4.3.2. In PER),, D = DP.

PrROOF : C: Ift =1t : D, then v = v : D implies tu = t'u/ : D by definition of D.
This means t = t' : DP

D: Assume t = t' : DP, and choose x not free in t nor t'. Since x = x : D, then
te = t'z : D. So \v.itx = Mx.t'xz : D by contextual closure, and t = t' : D
by LAMAPP. O
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Definition 4.3.4 (Syntactic model)

The syntactic model (or PER model) of the lambda calculus with con-
structors is Mynt = (PER), D, Idp, Idp, (¢})i<i<n, case, ), where:
e D is the relation ~,_.

~———1-D
° force‘g,c*:)\x.c_)

(D" xD)—D
e case = \z.{(c; = TH(m, ) 1<i<nl} - TyT xD)=

o = {f-a "

In fact we could have choosen any constructor ¢; instead of c; in the definition

of *.

Proposition 4.3.3. .#y,; is a Ag-model.

PROOF :  We check every point of Def. 4.2.2.

PER)., is a Cartesian closed category by Prop. 4.3.1.
D is equal (and thus isomorphic) to DP by Lem. 4.3.2.

¢* € dom(1 — D) for each c € €. Indeed, for any terms u,u’,
(Ar.c) u ~y, ¢ ~y, (Az.c) . Hence Az.c=Az.c:1— D.
In the same way, * € dom(1 — D).

app = Ildp (and lam = Idp ) is trivially a morphism of D — DP (resp. of DP — D)
by Lem. 4.3.2. We show that A\x.{(c; — n*(myx))1[} - ez € (D™ x D) — D.
Let t = w : (D™ x D). By definition, 7' (mt) = 7l"(mu) : D, and myt = myu : D.
Thus  (Az{(ci = mf(myx))iy |- mox)t g (e mf(myt) i b -y t

xe (6= m (muw)i ) - mo u

e (A 7 ()i [} mx)u
By Prop. 4.2.1 the six diagrams of Fig. 4.1 commute since (D1) trivially commutes

for lam = app = Idp, and diagrams (D2), (D3), (D5) and (D6) commute too
(cf. appendix. A.1.2) O

Remember that a term is defined if it has no blocking subterm {0} - ¢ where
c ¢ dom(#), and it is hereditarily defined when all its reducts (including itself) are
defined. Notice that Ag-models do not separate some undefined terms that are
not Ag-equivalent. That is because the interpretation of a term first “completes”

each
page

case-binding with branches ¢; — " if ¢; is not in its domain (cf. the discussion
58). So in the PER model, undefined terms are “unblocked” and the rule

CASECONS can be performed (and give { [} - c1).

That is the reason why the completeness theorem (Theo. 4.2) is restricted
to hereditarily defined terms. In this section we first formalise the idea of case-
binding completion. This enables an explicit definition of the interpretation of a
term in the PER model, so that we can prove the completeness theorem.
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Definition 4.3.5 (Case-completion)

The case-completion of a term is defined by induction:
i=u Aot = Azl Qo) -t = 6] -7
c==¢ tu = tu
-~ ] . Uy if ¢; = u; €0
= {c, 111 << I Ui e i
0 = {ci—u,/1<i<n} with u] { Q- ifc ¢ dom(d)

yiFact 4.8.8 . This case-completion does not unify different defined terms: if
two defined terms have the same case-completion, then they are equal. A

Proposition 4.3.4. In the model M ynt, the interpretation of a term t in a
context I' = xq;- -+ ;1 48

[tlr = Az.t[z; == nix] ,

with x fresh in t.

PROOF : The proof proceeds by structural induction on t. If t = x; ort = ¢, we
just have to write the definition of [t]r. If t = Axgy1.to or t = t1ta, the equation is
straightforward from definition of [t]r and induction hypothesis. We detail the proof
when t = {0} - u:

[tlr = ([0]r; [u]r); case, with [f]r = (f1,..., fn) where f; = [u;]p if ¢; — u; € 0, and

J=lpeit (= e Toa’ ") ife; ¢ dom(6). So

D* =D
[tlr = Ax.tease (tox,tyux)
_ Dn Nk n Y
with case = tcaseD XD%D, Olr = th —-b , and [ulp = tuD -b By induction
hypothesis, we can chose t, = \z.u[r; := 7Fz], and ty = I\v.(t12,...,t,7), with
t; = \v.ij[z; o= mFx) if ¢j > uy €0, and t; = Ax.{| [} - ¢1 if ¢; ¢ dom(6).
Also AT.tcage s (tom, tu®) ~a, A¥tcase, ((t17, ... tn@)n , Uz := wha])

~ae Az (e = tyx)i ) |- ey = whal
il {
z] ifcj—u; €6, andt; ~y, { [} -1 ifc; ¢ dom(6).
———D"=D
Since D¥ — D is compatible with ~ ., [tlr = \v.t[z; == 7Fx] : O

~y, A0} ulz =7

~y el = ok
Indeed, tjx ~, uj[z; =}

4.3.4 Completeness result.

As it is emphasised by Rem. 4.2.1, two match-failing terms can have the same
interpretation even if they are not Ag-convertible. For instance,

- ) = e o v - colr =

Now we show that this problem is specific to undefined terms, and that two
hereditarily defined terms that are not Ag-equivalent are separated in the PER-
model. In that view, we use the explicit definition of the interpretation of terms
in the syntactic model (Prop. 4.3.4) and we also prove the following proposition:
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Proposition 4.3.5. Let t; and to be two hereditarily defined terms. Then
t S ts = 4 >y L2

The proof of this proposition uses rewriting techniques, and relies on several
lemmas (whose proofs are given in appendix A.1.3).

'7Fact 4.3.4 . The definition of case-completion (Def. 4.3.5) preserves all \g-
redexes. Also if t — u then ¢ — @, and if ¢ is a normal form then so is ¢.

The two following lemmas establish to what extent the converse holds.

Lemma 4.3.6 (\_-reduction on completed terms). Let t be a defined term.
Then, for any term t/,

f—)A% t' implies t =to for some ty such that t — to.

(Remember that A denotes the A¢-calculus without the rule CASECASE).
Lemma 4.3.7 (CASECASE reduction on completed terms). For any terms t,t’,
t =t implies t —%, ty for some ty such that t —. tg

where —.. denotes a reduction with rule CASECASE.

Also the rule CASECASE does not have the same behaviour as the other rule
w.r.t. case-completion. In the following, we pay special attention to this rule.

Proposition 4.3.8. The reduction rule —.. forms a confluent and strongly nor-
malising rewriting system.

PROOF : The confluence has been proved in [AMRO09, Theo. 1] (¢f. Sec. 2.1.5). This
reduction rule is also strongly normalising, since it makes the structural measure of terms
(Def. 2.1.2) decrease. O

In this paragraph, we write |} ¢ the normal form of a term ¢t w.r.t. —... It is
characterised by the following equations:

oz ==z U A{ci— u; fier} = {c; = u; /ier}
lc=c Ift==x|c|Av.u|tity, then
U Azt = Az Ut Vgoy-t = JUop Lt

Yu)=dtdu  B{OF-{oh-t) = ({000} 1)

Lemma 4.3.9. Commutation case-completion/CC-normal form
For any term t,

L@ =14t.
Lemma 4.3.10. For any terms t,t', if t “a t' then there exists a term u such
that

bt —>:% u =t
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Corollary 4.3.11. Ift is hereditarily defined, then for any t',

t ="t implies | t' =ty for some ty such that t —* to .

PROOF : By induction on the reduction t —* t'.
Ift = ¢, take ty = t. Now assume t —* u —g t'. By induction hypothesis, there is
some ug such that || © = uy andt —* wg. If u reduces on t’ with the rule R = CASECASE,
then | ' =\ u = Uy, and ty = ug does the job. Otherwise, t —* u v .

* A

oot Yool
v . v

Vu=tp -5 uy <5 I t'=l uy

§ §

Ug Ul Ju
cC

S AAANNNANNNNNNANAS )

First of all, u —xz t' implies || u —)* u' =k, |t for some u' (Lem. 4.3.10).
Also ug —>)\, v, and thus ' = u; for some term uq such that ug —> _ uy (Lem. 4.3.6,
‘6

since g is deﬁned) Moreover, uy %Ccll t' implies that |} ¢’ is the CASECASE normal
form of uy. Hence | t' = u; = lL uy (by Lem. 4.3.9). Also we can chose tg ={ u;. O

Now we have all the ingredients we need to prove that the case-completion
preserves the Ag-equivalence on hereditarily defined terms.

PROOF : (of Prop. 4.3.5).

Let tq1,t2 hereditarily defined such

that t, ~ig ts. Since the Ag- ,.rr’ \ / N‘\i

calculus satisfies the Church-Rosser * u "

property, there is_a term u such o
that t1 —* u and tg —* u.

Hence Cor. 4.3.11 provides a u=u/
term v’ such that | v = v/, and

t; —* ' for each i € {1,2}. Thus

tl e ’LLl e t2.

a

Together with the explicit definition of the interpretation of a term in the
PER-model, this gives the result of completeness of Ay-models for terms with no
match failure.

Corollary 4.3.12 (Completeness). Lett; and ty be two hereditarily defined terms

whose free variables are in ' = {x1,...,x} such that [t1]r = [t2]r in the syntactic
model Mynt, then t1 >~ ta.
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PROOF : By Prop. 4.3.4, if t; and ty have the same interpretation in Msy,:, it means
that

— D*~D ———— D*D
Ao.ti[z; = mha = \z.tylx; == wha]
Hence (\z.ty[x; := 7fx]) (x1,...,26)r = Ox.tafz; :=myx]) (z1,...,2)r : D. Since D
is the A¢-equivalence relation on terms, it means that t; ~,. t2, which entails t; ~. t2
by Prop. 4.3.5. O

A fortiori if two hereditarily defined terms have the same interpretation in
any Ag-model then they are Ag-equivalent, since .#ynt is a Ag-model. This
achieves the proof of Completeness theorem (Theo. 4.2).

Conclusion

The PER model does not separate every terms that are not Ag-equivalent
(¢f. Rem. 4.2.1), but it always assigns different denotations to two terms that
are separated by the separation theorem (Sec. 2.1.5) 2.

The restriction of the completeness theorem to terms with no match failure is
due to the manner in which we interpret the case-bindings. Since the denotation
we give to them is a point of D", it requires to “fill” artificially every undefined
branch of a case-binding.

A way to cope with this problem could be to first identify the domain
I C [1.n] of a case-binding § = {c¢; — w;/i € I}, and interpret it by the
point (u;);er of D™ (where ny is the cardinal of I). The object that represents
case-bindings would then be the sum (the dual notion of product) 3,y ,,; D™
However, some difficulties arise to define the case composition. Also a good no-
tion of Ag-model that separates any non-equivalent terms, even the match failure,
remains to be defined.

2The syntactic model actually separates more terms than the separation property. For in-
stance, terms { [} - ¢ and { [ - cu are not separable by any context, yet they do not receive the
same denotation in the PER model.
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CPS and Classical model

Continuation passing style (CPS) is a programming paradigm in which the con-
trol flow (the continuation) is manipulated by the program as an explicit param-
eter. The CPS translation of the terms of a given language consists in making
explicit the evaluation context. Also translating terms in continuation passing
style amounts to describe their evaluation in an abstract machine [Plo75].

In the study of programming languages, these translations are mostly used
to translate a language with side effects and control into a purely functional
language [SF92], or to simulate a reduction strategy into an other one [Fis93,
OLT94]. Furthermore a new class of denotational models, the continuation se-
mantics, arises from these translations [Mog91]. Concerning Logic, Lafont [L.af91]
has shown that it corresponds to a ——-translation of classical logic into (a frag-
ment of) intuitionistic logic.

In this chapter, we propose a CPS translation of the (complete) Ag-calculus
into the lambda calculus with pairs. Therefore, we first describe an abstract
machine (inspired by the Krivine’s abstract machine) for the lambda calculus
with constructors. Then we show that the resulting CPS is a correct simulation.
Finally, we set up a notion of a continuation model for the Ag-calculus, and we
show that it actually defines Agy-models in the sense of the previous chapter. This
gives rise to some non syntactic models for the lambda calculus with constructors.

5.1 JAg-calculus and stack machines

5.1.1 Abstract machines and commutation rules

A stack-based abstract machine represents the execution of a program (a closed
term t) in a context (a stack 7). Also an execution state is represented by a pair

t x T.

The evaluation context consists of value eliminators, and an evaluation step de-
scribes the interaction between a value in head position of the program and the
eliminator at the top of the stack.
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In the pure lambda-calculus, there is only one kind of values: functions.
They are constructed with a lambda-abstraction, and deconstructed by applying
an argument. When a lambda-abstraction “meets” an argument, a S-reduction
is performed:

Azt * u-m o tri=u] x oW (Pop)

When the evaluated program is not a lambda-abstraction it is necessarily an
application. The argument is then pushed on the stack:

tu x @ » t x u-Tm (Push)

With these two evaluation rules, the execution process exactly simulates the weak
head reduction evaluation. The process stops when a lambda-abstraction appears
in front of an empty stack: Az.t « [].

This is the only blocked configuration if the initial term was closed. We consider
then that the program has been executed properly and returns a value (A\z.t).

Problems arise when the program uses different kinds of values. In the syntax
of lambda-calculus with constructors, functions coexist with data structures, each
coming with its construction method and its eliminator:

Construction Elimination
Functions lambda-abstraction application
Data-structures constructors pattern-matching

In an abstract machine for the Ag-calculus, the stack contains arguments
(coming from applications) but also case-bindings (coming from case-constructs).
In addition to the Pop and Push rules for functions, there are similar rules for
constructed values:

c *0-7m » 0. % 7 (Pope)
{0} -t x = » ¢t x 0-7 (Push,)

In most programming languages with case-analysis, those would be the only
rules (concerning functions and constructed values). In that setting, three blocked
situations can occur although the stack is not empty:

c x 0.7 (with ¢ ¢ dom(6))
cC * u-m
et x 0-m

The first case corresponds to a match-failure. In the lambda-calculus with con-
structors we do not try to handle them, also we let this configuration as blocked.
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The last two cases do not necessarily correspond to a blocked execution in the
lambda calculus with constructors. Indeed, the rule CASEAPP enables the com-
mutation between an argument and a case-binding in the stack:

t x u-0-7 > t * U

0.
{161} - (tu) — ({0 - t)u

yiRemark 5.1.1 . Whereas the rule CASEAPP exactly corresponds to the stack
transformation w - 6 - w < 6 - u - 7, there is no such a rule for the transformation
0-u-m— u-0-7w. However, it can be seen as a consequence of the rule CASELAM.
Indeed this rule allows the following execution:

At x O-u-m o~ {0} -(Axt) x u-mw
> {0}t x u-mw
» {0} -tlzx:=u] x =«
> tx:=u] x O-7.

The same behaviour is obtained by
At « O-u-m > Azt x u-0-m » tlxi=ul x 0-7. |

Thus when a blocked configuration arises (a constructor with an argument
at the top of the stack, or a A-abstraction with a case-binding at the top of the
stack), an abstract machine for Ag-calculus should “swap” adjacent arguments
and case-bindings in the stack until a case-binding (resp. an argument) reaches
the top position. Rule Pop. (resp. Pop) is then possible. Also we can consider
the stacks modulo these commutations:

91"&1‘U2'92'U3 ~ 91'92-111‘11,2'11,3
~ ul-UQ'U3'91-¢92

Such a swapping between adjacent eliminators of different kinds amounts to split
the elimination context into two different stacks: one for the case-bindings and
one for the arguments. A configuration of the machine is then written

91.92... * t * UL - Uy~ -

Case context: a stack vs a case-bonding. The only reduction rules of the
Ag-calculus (other than the daimon rules) that we did not consider so far in the
design of the machine are the n-reduction and the case composition. These two
rules have a similar role in the calculus: they are computationally useless, but
they are necessary for the separation property (Sec. 2.1.5). Also we can see the
rule CASECASE as the “n-reduction for case constructs”:

Azx.tx — t x ¢ tv(t)
{00 - Aol v — {00 o)} - u
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Both terms Az.tx and t reduce on the same term if we apply them to an argument
(i.e. if t is seen as a function). In the same way, {0[} - {#[} - v and {|f o ¢} - u have
the same reduct if u is a data-structure (matchable by ¢).

In the stack abstract machine for the pure lambda calculus, the n-reduction
is not simulated. Nevertheless, we will not adopt the same choice concerning the
rule CASECASE, for some reasons explained in Rem. 5.1.4.

Hence the rule Push., that would be, in a two stacks abstract machine,

-0 x {of-t x 7 > Te B¢ x t x
will be replced by
e x {off-t x 7 > Te-Bod * t x

In fact the whole stack of case-bindings 6 - - - 68, will be collapsed in only one
case-binding 61 o - - - o 0.

5.1.2 Stack abstract machine for Ay

The title of this section is cheating: the design we chose for the Ag-abstract
machine (described in Fig. 5.1) uses a term, a stack of arguments and only one
(optional) case-binding. Indeed, the rule CASECASE enables wrapping a whole
(non empty) stack of case-bindings in only one case-binding. We justify this
choice at the end of Sec. 5.1.3.

Processes:
Stacks: T o= o |t
Optional cases: @ = o |06
(State of ) processes: s = (0) x t x 7w
Execution rules:
Oy x Izt *x u-m »  (0) * tlz=u x» =« (Pop)
@)  tu x 7T » () «* t * t-m (Push)
0 x c * T > o K 0 * T (Pope)
Oy x {o}-t x 7 » (0)-¢ t * T (Push,)
(where ©-¢p=¢ and 0 - ¢ =600 ¢.)
0 x X *x 7T » o X s * o (Exit)

Figure 5.1: Ag-abstract machine
A state s is final when there is no state s’ such that s » . Executing

a program consists in loading its term, running the machine until a final state
arises (if it does), and then unloading. Final states are of three different kinds:
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e An error has occurred if a state (#) * = x 7 (open term)
or 6 x ¢ x w (withc¢ dom(f), match failure) appears.

e Execution returns a value when one of these states appears:
() * Azx.t * o (function) or o x ¢ x w (data-structure).

e Program was exited if its evaluation leads to ¢ * M * o,

Definition 5.1.1 (Term evaluation)

The function load maps every term ¢ to the process ¢ x t x o.
The function unload is defined from final states to terms as follows:
unload
S x0T ok U UE O — U] ...Up
0 x T * uy-e-up-o umtoad, (O] - z)uy .. un
0 x C  * Up-c-U O (c¢dom(B)) M) ({|9|} . c)ul co U
O * Axr.t * unload, Nt
0 x Azt * @gtv(©®) 222 Az ({0 - t)
unload,
O x C X ULccUE-O —  CU]...Up
unload
O % M % o ——

The evaluation function is then partially defined on terms by
eval(t) = unload(s) if load(t) »* s, sfinal

If such a state s exists it is unique, as the machine is deterministic. In this case
eval(t) is the weak head normal form of ¢ (this is formalised in next section).

yiEzample 5.1.2 (Evaluation of the predecessor.) . Remember that the prede-
cessor function is

pred = Az.{6,} - =, with 6, = {0 0;S— Ay.y}

Write 2 = S(S0) and 3 = S2 the unary integers 2 and 3. Then pred 3 is
evaluated as follows:

load(pred3) = ¢ *x pred3 * ©
> O % pred * 3
> o x {6,}-3 x o
> 0, x* 3 * O
> 0, * S * 2
> o AY.y * 2
> o X 2 * O
Also eval(pred 3) is 2 as expected. A
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5.1.3 Weak head reduction

The \g-abstract machine executes a (call-by-name) weak head reduction strategy
on terms. We write — the corresponding reduction for the Ag-calculus, and it
is defined inductively by the following rules:

(Az.t)u —>y tlx == u] {0} - Azt —w Az {0[} - ¢ {6[} - ¢ »w u (if c—>ueh)
Y, —oyy P {08} - tu —w ({0} - t)u {0} - 4 —y X
t—oy t

{65 - {0 -t —=w {00 ol - ¢

tu —ow t'u

yiExample 5.1.3 . Within this strategy, the reduction of a term {|0[} - {|¢[} - (Ax.t)u
is the following;:
{60 - {loh - (Az.t)u —w {000} - (Az-t)u
—w ({000l - Ax.t)
—w (Az.{0o [} 1)
—ow {806} (tle 1= ul) _—

Normal form for this reduction are called head normal form. They correspond
to the final states of the machine:

u
u

hoo=Aet | i | R | 2t | (0} -2)@ | (0] - )T (cgdom))

The CPS-translation we define in the next part is based on the stack-abstract
machine. Reduction —y just paraphrases the machine’s execution, as established
by the following proposition. However, we consider both: abstract machine for
the intuitive ideas, and weak-head reduction for the formalism.

Proposition 5.1.1. If a Ay-term t has a head normal form h, then eval(t) = h.

PRrROOF : See Appendix A.2.1. O

yiRemark 5.1.4 . Replacing a stack of case-bindings by only one case-binding in
the stack machine remains to treat differently the eliminators of functions and the
eliminators of data-structures (cf. the discussion p. 77). There was an alternative
choice: to consider an abstract machine with to stacks, that would have executed
a variant of the weak head reduction —, (let us write it =,,). Roughly speaking,
this variant consists in replacing the rule {|0[} - {{¢[} - t —>w {0 0 @[} - t by

t =y t
{01 - t = {0 - ¢

This last rule is, for the evaluation context of data-structures, the equivalent of
the following rule for the functional context:

t_DW t/

tu —>w tlu
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It amounts to say that the head sub-term of a term AZ.({|01]} - --- {0} - h)u
(where h is neither an application nor a case construct) is h. On the other hand,
the weak startegy — that we defined behaves as if the head sub-term of such a
term was {01[} - - - - {0k[} - h.

Moreover, with the alternative weak strategy =-,, two reduction rules re-
main not performed: the n-reduction and the case-composition. This would be
coherent with the intuition that CASECASE is the n-reduction for case constructs
(¢f. p. 77), whereas the reduction —» that we consider here performs CASECASE
reductions but no LAMAPP reduction.

However, the alternative weak strategy =, raises some technical difficulties.
The first one is that it would require some precedence rules for beeing a strategy,
otherwise the reduction is not deterministic: {0[} - (Ax.t)u =, {0[} - (t[z = u])
and {0} - (A\z.t)u =, ({0} - A\z.t) .

Then, the abstract machine (with one case-binding and one stack) simulat-
ing the weak strategy — will be used in the next section, to describe a CPS
translation of the Ag-calculus into the lambda calculus with pairs. We want this
translation to simulate every reduction of the lambda calculus with constructors,
including LAMAPP and CASECASE. The rule LAMAPP will be simulated by the
n-reduction of the lambda-calculus with pair, but there is no rule in this target
calculus to simulate the case-composition. Also the case-bindings are composed
during the translation. That is why we chose a stack machine that performs
the rule CASECASE, and that has thereby a stack of arguments and only one

case-binding for evaluation context. A

5.2 CPS translation

In this section and the following one we consider that the set of constructors is
finite:
€ = {cl,...,cn} .

We define a translation of the Ag-calculus into the lambda calculus with no
constructors (and no case constructs), in the spirit of Plotkin’s Continuation
Passing Style (CPS) translation [Plo75]. The key difference is that continuations
(representing the evaluation context of the abstract machine) are composed of a
case-binding and a stack of arguments (and not only a stack):

Continuations = Case-bindings x Stacks .

A A\g-term t is then translated by a lambda-term ¢* that takes a continuation as
argument, and then runs the abstract machine:

t* = Aylet (xg,xz) ==y in |zg x t x 4| .
This translation relies on the inductive definition of

|My x t * M|
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where:

e My is the translation of the case-binding 6 of the evaluation context.
e M is the translation of the stack of arguments 7 of the evaluation context.
e t is the Ag-term that is beeing evaluated

o |My xt * M| is the translation of the result of the evaluation of  x ¢ * .

This will be formalised in Sec. 5.2.2.

We chose the simply typed lambda calculus with pairs (¢f. appendix B) as
the target calculus. Indeed, a stack of terms will be implemented by overlapping
pairs:

ly-ta -tz ~ QtT,Qt;Qt’éaQ'r“MM
A case-binding 6 is represented (as in the categorical models, c¢f. p. 58) by a
n-tuple of terms (encoded with pairs in the usual way, cf. p. 114):

0 ~ <]M1,...,Mn|>n

where M; represents 6, if ¢; € dom(6), and is a special term representing match
failure otherwise (it is detailed in Sec. 5.2.2).

5.2.1 The target calculus

In appendix B.1 we define Ap, the simply typed lambda-calculus with pairs
parametrised by a set of constant terms and a set of constant types, with some
relations between them.

To translate the untyped Ag-calculus, we assume that the Ap-calculus in-
cludes the following;:

e a type C for the continuations, a type S for the stacks, and a type R
corresponding to (the encoding of) the results returned by the evaluation
of the stack machine.

Then the translation of a term is a function from continuations to results.
Also their type is D = C — R. We also write D" the n-ary product of D.

e two terms | and T, (sometimes called “cons” and “uncons” in program-
ming languages) for the implementation of a stack by overlapping pairs of
(translated) terms. They must satisfy the flolowing typing and rewriting
rules:

FpTs: S—=(DxS) s (s M) —p M
Fpls: (DxS)—S Ts (s M) —p M

e two terms to “unfold” a continuation into a pair of case-binding and a stack,
and conversely, that satisfy the following rules:

Fp Te C — (D" xS) le (Te M) —p M
Fp e : (D"x S)—=C Tc(icM)—DpM
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Notice that this defines a well-designed parameter (Def. B.1.1 p. 112) for the
Ap-calculus. Also adding these constants with these reduction and typing rules
to the Ap-calculus preserves subject reduction (Lem. B.1.3).

yiRemark 5.2.1 . The terms to unfold a continuation or to uncons a list will be
necessary for the translated terms to be well-typed. We translate the Ag-calculus
into the Ap-calculus with types in order to get automatically a transformation
on Cartesian closed categories that builds a categorical model for the lambda
calculus with constructors (in Sec. 5.3). However, if we are not interested in the
semantic aspect of the translation, but only in a simulation of the A¢-calculus by
the lambda-calculus, we can easily chose the untyped Ap-calculus (or even the
pure lambda calculus, Rem. 5.2.2) as target: just remove every type, and all the

terms |s,Ts,dc and 1. in this section. A

Some encoding In order to ease the reading of the CPS-translation, we may
use the following notations in the Ap-calculus:

o let (z,y) := P in M means (A\zy.M) m(P) my(P)
Notice that x and y are bound variables in this term.

e The notation for tuples is recalled p. 114. We also extend the previous
notation to any tuple, writing
let (z1;...;25)k == Nin M for (Az1...25.M) 7f(N)---7F(N).

Those notations have the expected computational behaviour:

let <]$1,$2D = <|N1,N2|> in M —); M : Nz
let le;...;xkbk = <|N1,,Nk[>k n M —); M[{El = Niﬁ:l
Mz := N]

If 2,y ¢ fv(M), let (z,y) := N in Mz := (z,y)] — [

Also the following typing rules are derivable

Ix:B,y:Babp M :B Tk, N: By X DBy
'ty let (z,y) :=Nin M : B

F,l’:Bl,...xk:Bk}_pMiB Fl—pNZle--'XBk
Fl—plet Qxl,...,xkbk =NinM:B

In the (untyped) lambda calculus with constructors, we will use an encoding
for the Daimon before translating it in the Ap-calculus:
e cxit denotes M M., where M, = Axy.xx. Notice that

exit M —* exit .

yiRemark 5.2.2 (Constants vs. encoding) . Instead of the lambda-calculus with
pairs, we could have chosen the pure lambda-calculus as the target calculus, and
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then used the Church-encoding for pairs [Chu4l] given p. 65. Nevertheless, sur-
jective pairing ( (m (M) , mo(M)) — M ) does not hold under this encoding, and
so the simulation theorem (Theo. 5.1) would have been weaker. In particular, the
rule LAMAPP would not have been simulated, but only the weak head reduction.

]

5.2.2 Continuation Passing Style

The CPS-translation is given in Fig. 5.2. It mainly paraphrases the description
of the stack abstract machine. Indeed, a Ay-term t is translated by a Ap-term t*
that takes a continuation argument (we write k the variables of type C' for more
clarity), unfold it (with term 1.) to obtain an evaluation context (i.e. a pair of a
case-binding My and a stack M) that it uses to run the stack-machine § x ¢ x .
Finally t* returns the result |[My x t x M| of this evaluation:

t* = Ak.det (xg,xz) :=Tc kin |xg * t x x| ,
————
Ap
with | My x t x M, | inductively defined in Fig. 5.2.
~ N~
Ap A Ap

Remember (p. 81) that |My x t x M| is a Ap-term where My is the stack in
which all the arguments appearing in evaluation position will be pushed (after
being translated). Also its definition when ¢ is an application is quite obvious:

|M9 *x t1lo % Mﬂ‘ = |M9 *x t1 % J,S qt;,MWM .

If ¢t is an abstraction Az.u, the translation relies on the ambiguity of the vari-
able names, that can represent a variable of Ay or of Ap. Indeed, we expect
the evaluation to pop the first element of the stack M, and use it to replace
every occurrence of z in (the result of the evaluation of) u. That is exactly the
behaviour that is obtained:

|Mp x Az.u x My| = let (x,xp|) :=1s My in |My * u x x| .

If the (Ay-)variable x later comes in head position, we see it as a Ap-variable
(that is then substituted by the first element of M), and we give it the new
continuation as argument:

[My * x x My| = x (lc (Mg, Mz))

yiExample 5.2.3 (Evaluation of the identity) .
|Mp x (Az.x)t * M| = |My* Ax.xx s (t*, M|
= let (z,xp) =15 (is Qt*,M,TD) in |[My * x * x|
— let (w o) =T, (Lo {5 M) in @ (Je (Mo, L))
—p " (de (Mg, M)
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Remark that we could also have chosen a different space of variable names for
the Ap-calculus (say &, &y etc.) and mapped every variable x of the Ag-calculus
to a variable &, of the Ap-calculus.

Now, to have an idea about how the translation works with constructors and
case-constructs, look at the following example:

yiExample 5.2.4 (Translation of a case construct) . In this example we assume
that there are n = 2 constructors.
Mg * {ca — t[} - co x M| = |{N1, Na) x co * M|,
where N; = 1p, and
Ny = MK .let Qa:(;/,xwfl) =T, k' in ‘Mg * t % .T}Tr/’
Also, | My * {ca = t[} - co x M| =
let (x1,x2) := (N1, Na) in |Lpn * x9 * Mg|

= let <]l‘1,ZL‘2D = <|N1,N2D mn :L'Q(\l/c <|J—D"7M7TI>)

_>;:, N2 (ch Q—LDTHMWD)

—* et <]1‘9/,x7r/|> =T (ic QLDn,MﬂD) in |M9 *x t % $7r/|

—* My * t x M| A

The translation of a constructor is given by the abstract machine:
|My * ¢; * My| = let (z1;...;2p)n = Mpin | Lpn * x; x M|

We use L pn to denote any term of type D™. It can be for instance My, but we
write L pnto make clear that it will not be used if we translate well-defined terms
(i.e. terms with no match failure).

The translation of a case construct {¢[} - ¢ is then given by

|My x {|of} -t x M| = |{N1;-++ ; Nphn * t * M|
N; = N let (wgr, zp]) :=Tc K in [My * u; x x| ifc; —~u; €0

where

Just like for 1 pn, M- denotes a term of type D that is never used if we
translate well-defined terms. However we force its definition as we shall need it
in the following (in Sec. 5.3) for the semantic interpretation of undefined terms:

M- = Mk.et (zg,zz) :=Tc kin Lp (LC Q<J_D,...,J_D>,x7r[))
where Lp = let (x,2l) := z; in z.

Notice that the application-context M, is used to evaluate ¢, while My be-
comes the case-context of the terms u;’s in the branches of ¢. The idea is that ¢
can interact with 7, but not with the case-context # until ¢ has been “opened”
and one of the u;’s has come in head position. This happens when a construc-
tor ¢; has been evaluated, and replaced by u; coming with its own case-context 6.
That is why the argument for case-context xg/ is not used in N;.

Finally the Daimon is translated using the pure lambda term exit that has
the same computational behaviour.
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t* = Mklet (xg,xz) :=Tc kin |xg x t * x| .

|M9 * T * Mﬂ| = T (ic <|M9,Mﬂ-[>)
| My x tu * M| = |My x t* |s (u*, M|
| My * Azt x M| = let {x,xp) =15 My in | Mg x t x x|
(f z ¢ fv(My, My))

|Mg * ¢; * My| = let (x1;...;20)n = Mp in | Lpn * x; * My|

Mg * {of} -t * M| = [(N1; -+ ; Nphn * t * M|

(Where N; = Mk let zg, zz) :=Tc k' in | My * u; * 2| ifcg—>u; €9

N; = M- if ¢; ¢ dom(¢))

|My x Y4 % M| = exit*

Figure 5.2: Translation of Ag-calculus into Ap-calculus

Well typing of the translation We check that the translation is well defined
in the typed Ap-calculus introduced in Sec. 5.2.1, in the sense that the translation
of every Ag-term is well typed.

Proposition 5.2.1. Let t be a Ag-term and I' a context of the Ap-calculus such
that x : D € I for each x € tv(t) (Remember that D = C' — R). Then,

1. For any Ap-terms My and My, if I' b, Mg : D" and I' &, My : S, then
'k, | Mg «t x M| :R

2. Tk, t*: D

PROOF : The second assertion is a direct consequence of the first one, that is proved
by structural induction on t. O

5.2.3 Correct Simulation

Now we show that the lambda calculus with pairs can actually simulate the
lambda calculus with constructors via the CPS translation:

Theorem 5.1 (A\p simutates \y). For any Ag-terms t,t',
t—t' implies t* —p [
We first focus on the case when ¢ is the redex involved in the reduction, we
care about a reduction in a strict sub-term of ¢ subsequently.

Lemma 5.2.2. For any Ag-terms t,u and any Ap-terms My, M,
Mg x t % Mz| [z:=u"] =5 | Mylz:=u"] x tfr :=u] x Mz[z:=u"] |

ProoOF : By induction on t. O
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Lemma 5.2.3. Let t,u be two Agy-terms, and ¢,v two case-bindings. Then for

any Ap-terms Mg, M,

|Mp * ((Az.t)u) x M|
| Mo * " u x M|

| My x {|o[} - M.t * M|

|M9 * {|¢|} “tu x MTI'|

—t | My x tx = u] x M|

= | Mg * Y % M|

= |Mg *x Ax{o} -t x M| if x €fv(p)
= My * ({6} -ty + My

My x {o[ - ¢ * M| — | My * u % M| ifc—u€d
| My * {of} - * M| = | My » Y4 x M|
[Mp x {0y - {9 - ¢ « M| = [Mp x g0yt -t x My
PROOF : 1. Up to a-conversion, we assume x ¢ fv(My, M ).

t
|Mp * ((Az.t)u) * My

= |My x (Ax.t) * (u*, M)

= let {x,z.) := (u*, M) in |[My x t * 2]
=4 [Mp x t x Mq|[x := u*]
Moreover [My % t x My|[x :=u*] =7 |Mg * t[x := u] x M| by Lem. 5.2.2.

2. |Mpx M ux M| = |My*"Hx |s (u*, M)
= erit”
= |My * " * M,]|
3. |Mp x {o} - Mxt x My| = [{Ni; - ; Nphn * Azt x M|

(with the N;’s expected)
= let {x,al) := My in |{N1;- -+ ; Nohn x t * 20|
= let (x,al) := My in |Mp x {¢f} -t x x
= |My * Me o -t x M|
The second equation holds since x ¢ tv(¢) implies x ¢ fv({Ny;--- ; NpDn).

4. |My * {of} - tu x M| = |My * ({¢} -t) u x M| by definition
(same as previous case).

5. Let ¢ = {Cj — uj/] S J}
Then |My x {¢f} - ¢; * My| =
[{N1; - Npbn * ¢ x M| (with the N;s expected)

= et (x1;...;Zphn = (N1;-- s Nphn in | Lpn * x; x M|
= et (z1;.. ;%) = (N5 i N in z; (Lpn , My
—); ]\]z QJ_Dn ,Mﬂ-[)

where N; = Ay.let (xg,xz) =y in |My * u; * x-|. Also

N; {Lpn ,Mz) —p let (xg,zx) := (Lpn , Mz) in |My x u; * x|
= | My x u; x M|

l
s

p
6. |M0*{|¢B’>P*M7r| = NNl;"';NnDn*%*MH
(still with the N;’s expected)
= exit*
= |M9*>I<*Mﬂ-|
7. Let p ={c;—>t;/i €I} and Y = {c; = u;/j € J} .
|M0*{|¢B'{le}'t*Mﬂ| = NMl;"';MnDn*{le}'t*Mﬂl
| dyldet {xo,wr) =y in [Me x t; x x7| if i€
WhereMz_{ M. if gl
|M0*{]¢D"{Iw[}'t*M7r| = NNU'";NnDn*t*Mﬂ"
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Ny let (xp, ) =y in [(My;-- s My)n * uj x 2| if jeJ

where N; = M it jéJ
On the other hand, |My * {{pop} -t x M| = |{Ni; - ;N b * t * M|
Ay let (xp, 2t ) =y in |[My x {oft -u; x 2t.| if jeJ
! __ [0ty J ™
where N; = Y it jéJ

IfjeJ, NJ’» = Xy . let (xy, 2zl ) ==y in (M];---; M)

nhn x wj % 2]

Aylet (xg,xq) =y in | My x t; x xy| if i€1
1 y L 7 T
where M, = M. if gl

Hence |[My * {{povp} -t x My| =|My *x {of} - {0} -t * M| . O

Converse simulation with strategies CPS-translations were introduced to
transform a call-by-name (c.b.n. for short) calculus into a call-by-value (c.b.v.)
calculus. If we restrict the lambda calculus with constructors to the weak strat-
egy —w (defined in Sec. 5.1.3), and the Ap-calculus to the c.b.v. strategy —, (re-
called in appendix B.1), then the CPS-translation we have defined is a two-sided
simulation:

1. If t reduces weakly on t/, then for any \p-terms My, M,

My * t % M| —* | My x t' x M|

2. If |zg x t x x| = N then ¢ reduces weakly on a term ¢’ and

N —'|zg x t' * 2q .

We do not detail the proof, but it is based on the one of Lem. 5.2.3 with the
remark that for all M, Ny, Na,

let Qxl,mgb = qu,NQD in M —* M[.%'Z = Nl] .

Simulation result We now extend the result of Lem. 5.2.3 to reductions that
occur in a strict sub-term.

Lemma 5.2.4. For any Ag-term t (with x ¢ fv(t)), and any \p-terms My, My
and N,

Mg % t x M| [x:=N]| = | Mplx:=N|*tx M[x:=N]| (5.1)

For any Ag-term t and any Ap-terms My, M,

My —p My = |My xt x M| —p | My xt * M| (5.2)
My —p M. = |Myg xt*x M| —>; | My * t x M| (5.3)
PRroOOF : By induction on t. O

Corollary 5.2.5. For any Ag-terms t,t' and any \p-terms Mg, M,

t— 1t implies |My x t x My| =y | Mg x t' 5 Mq| .
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PROOF : By structural induction on t. In this proof we use the convention that s’
denotes a reduct (in one step) of s, for any Ag-term s.
t=dzv.u:

x If u=1t'z, with x ¢ fv(t') (i.e. t =4, t') then

|My % t x M| = let (x,z.):= My in |My x t' x {z*, 2| .
Notice that x* = Ay. let {yg, y=) ==y in (Yo, yx)
; Ay-x{my (y), m2(y))
—p  AY.ZY
—p T
Hence, |[Mp xtx My| —F let (x,25) := My in [My x t' * (z,z:)| (5.3)
S5 My * % (g (M), mo(M))| (5.1)
=y My x ' x My (5.3)
* Ifu=»>Mandt' =" (i.e. t =, t'), then
|[Mop x t * My| = let (z,x.) := My in exit*
129 exit®
= |Mp xt' x M|
x Ift' = \z.u/, then
Mg x t x M| = let (x,x:) := My in |My % u x M| .
—y let (z,x7) := My in |Mg « u’ « My| (ind. hypothesis)
= |Mp xt' x Mg|
t= tltg.'

x If t1 = Az.tg and t' = tox := ta], ort; = K and t' =" we conclude with
Lem. 5.2.3.

x Ift' = t\ta, we conclude with induction hypothesis.

« Ift' = t1t), then |My * t % M| = |My % t1 * (t5, M)
But t5 =5 \y.let (Yo, y=) :=y in |yg * t5 * yx| by induction hypothesis. Also

Mg * t x M| = |My %ty x (t5, M)
=g My % t1 % (t5, Mg (5.3)
= |My xt' x M|

t={0]} - u:

x If one of the rules CASECONS, CASEAPP, CASELAM or CASECASE is performed
in head position, we conclude with Lem. 5.2.3.

x Ift' = {6} - v/, we conclude with induction hypothesis.

* Ift" = {0'[} - u, where 0’ is 0 = {c; + s;/j € I} in which one branch c; — s; has
been replaced by c; — s}, then |My x t x My| = |{N1;- -+ ; NoDn * u *x M|

Aylet (xg,zz) =y in |Mg x s; x xz| if jEI
M- if j&l
By induction hypothesis, N; =y N; = Ay.let {xg,x.) :=y in | Mg * s x x|.

Hence [Mg xt % My| —5 |(Nis--- N/ 5 Nohn x ux My (5.2)

= My x {0’} -u* M| O

where N; =
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This achieves the proof of Theo. 5.1 since ¢t — t' implies

t* = Akldet (xg,xz) =T kin |xg * t x x|
=y Akldet (zg,zx) :=Tc kin |vg x U % 24|
— t/*

Consequences on models The theorem of simulation implies (since the Ag-
calculus satisfies the Church-Résser property) that if ¢ ~,. ¢’ then t* ~, t"*. Also
every model of the Ap-calculus constitutes a sound model of the A\g-calculus via
the CPS-translation:

Ag-calculus — Ap-calculus —  Ap-model
t :A(g t, t* :p t/* [t*] — [t/*]

The models of the typed lambda-calculus (with pairs) are the Cartesian closed
categories [AL91]. Also the CCC that can in addition interpret in a sound way
the atomic types and terms introduced in Sec. 5.2.1 provide a model for the
lambda calculus with constructors.

In the next section we remark that the continuation models for the untyped
lambda calculus are such categories, and we explicit how they interpret the A¢-
calculus. We then check that they are indeed Ag-models, in the sense of the
definition of the previous chapter.

5.3 Classical model

The untyped lambda calculus can be interpreted in any Cartesian closed category
with a reflezive object D =2 D — D' for the denotations. This equation can be
solved in any CCC with two objects R and C such that

C=~C xR .

Indeed, taking D = RC we get D & ROXR® =~ (RC)Rc by Prop. 4.1.4. This cor-
responds to the continuation models of the lambda calculus®. In those semantics,
every term (i.e. every point of D) is seen as a function taking a continuation
argument in C' and returning a result in R. A functional term (i.e. a point of
DP) is interpreted in (RC)Rc ~ ROXR® also the continuation argument of a
function is a point of C' x RC. It represents a pair composed of later continuation
(in C) and a term (in R®) that represents the argument of the function. That is
why we can see continuations as stacks of arguments, and interpret a term by a

process in a stack abstract machine.

!This main result of categorical semantic can be found in [AT91, Sec 9.3], [AC03, Sec. 4.6].
It is also informally explained in Sec. 4.2.1.

We might also call them -classical models, as their underlying logic is the classical
logic [LRS93]

90



tel-00662500, version 1 - 24 Jan 2012

5.3. Classical model

5.3.1 Continuation Ay-model

To interpret the Ag-calculus, we need continuations that are not only composed
by a stack of arguments, but also by a case-binding (cf. Sec. 5.2). Thus in
our model we also need an object S (for stacks of arguments). Case-bindings
are represented by n-tuples, i.e. points of D", also the following equations are
required:

C = D"xS (a continuation consists in a case-binding and a stack)
S =2 DxS (a stack is made up of terms)
D = RC¢ (a denotation is a function on continuations that returns a result)

We call a continuation Ag-model (or classical Ag-model) a CCC with ob-
jects C, R and S satisfying those isomorphisms.

unfold uncons
~ —
C = D"xS ; S =2 DxS
— — e —
fold cons

Remark that if C is such a continuation Ag-model, then the lambda calculus
generated by C (written A¢, ¢f. Sec. B.2) is a good target calculus for the CPS-
translation (cf. Sec. 5.2.1). Indeed, in the Ac-calculus, C, R and S are the atomic
types for the objects C, R and S of C, the terms 1. and |. are the atomic terms
for unfold and fold, and the terms 15 and |5 are the atomic terms for uncons
and cons. Then by definition of the Ac-calculus,

FpTs: S—=(DxS) Az s (Ts ) —p Az
Fpls: (Dx8S)— S8 Ax. s (bs ) —p Az
FpTe: C— (D" x5) M. e (Te ) —p Az
Fple: (D"xS)—=C AT Te (e ) —p Az

The following proposition completes the other reductions that we need in the
target calculus:

Proposition 5.3.1. For any Ap-term N, the following reduction are admissible
(Def. B.2.1):

is(TsN) —C N TS(\LSN) —C N

\LC(TCN) —c N TC(\LCN) —c N

PROOF :  We prove the admissibility of the first reduction, the other ones are proved by
the same method. Assume there is a context I' and a type B such thatT' | (Ts N) : B.
Then it means that I' Fpls: A — B and T' Fp1s N : A’ for some A’ and some B’ such
that B’ = B. Moreover, I F,|s: A’ — B’ implies A’ - B’ = (D x S) — S (since |scan
only be typed with the rule axr or subs), which means A’ = D x S and B’ = S by good
design of the parameter R in the Ac-calculus (Lem. B.2.1). ThusT' 13 N : D x S, and
we conclude in the same way (using I' Fp15: S — (D x S)) that I' -, N : S. Also we can
derive I' ), (Ax. Ls (Ts 2))N = S
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On the one hand, (Az. s (Ts #)) N —pls (Ts N) so [(Az. Ls (15 2)) Nr = f1. (4.5
by Lem. B.2.3. On the other hand, (Az. |s (1s )) N =, (Az.z) N —, N and then

L(Az. s (Ts 2))N]r = fx. Finally fl,s(TsN) = I O

From continuation A-model to continuation \y-model Notice that any
continuation model of pure lambda calculus provides a continuation Ag-model.
Indeed, with an isomorphism

we can chose S = C, D = R® and the following morphisms to get a continuation
Ag-model:

. Idxi Idx (- x (Idx7)) ((705sTg 21),gn )
C’,\%’_/DXC ~ Dx(DxC) ---%/D\x(t-«x(DxC)) = D"xS
P \_/ \_/ \_/
Idxp T (X (AXP) () g3 )
.y
S = DxS
e —
p

Also every continuation model induces a continuation Ag-model. Next we
show that those continuation Ag-models are indeed Ay-models in sense of Def 4.2.2.
This provides a way to construct a Ag-model from a classical model of pure

lambda calculus.
S=C

Continuation model ————— Continuation A¢-model
C=>=C xR C = (R xS
S=>=RC xS
D=RC®
Sec. 5.3.2
rMidell‘)fl Ag-model
= A = (D, 1am, app, (c})1-,, case, ")

5.3.2 From continuation Ay-models to \y-models

In this Section, C is a Cartesian closed category with objects R,C and S such
that C = D" x S and S = D x S (where D = R®). We define the morphisms
lam, app, ¢;’s and * and we prove that they form a Ay-model with D. It might
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be heavy to express them within the structure of Cartesian closed categories, also
we use terms of the lambda-calculus generated by C (c¢f. appendix B.2), and their
image in C (defined in Fig. B.2) for the definition.

Miaw = Mkldet (zg,xz) :=1Tc kin let {z,2l) :=Ts 2z in z x (LC (xq, 2 )

™

Mapp = Az Akldet (xg, 27 :=Tc kin 2 (LC {xg, s <|:c,xﬂ[>[>)
M., = Mklet (xg,zz) :=Tc kin let (z1;...;20)n =20 in x; k

Mcase = Mk.let (zg,zz) :=Tc k in

let (yg,y) :=ziny (ie (M, ... ,Mn[)n,xﬂl)) ,
where M; = MK'.let (zg, 2z :=1. K in

let (z1;...;2n)n = yp in ; (ic ang,zﬂ))

M- = Mklet (xg,z) :=Tc kin Lp (LC 4<J_D,...,J_D>,m,r[))
with Lp = let (z,2l) =2, in x

Figure 5.3: Terms for the morphisms of a continuation Ag-model
The morphisms that are used to build a Ag-model in C correspond to the

terms defined in Fig. 5.3. Remark that M- is the same as the one we used in the
CPS-translation (p. 85). Moreover, M., —¢ c:

¢ = Ak.ldet (xg,xr) =1 kin let (x1;...;20)n =29 in x; (e {Lpn,z1)) ,

where 1 pn = xg. Also both M., and ¢} reduce on the same term
N = Xk (m(Tc k) k
hence |c}| = fx = [Mc,] by Lem. B.2.3. Thus M., —c ¢! (and conversely).

)

Lemma 5.3.2. The terms defined in Fig. 5.3 are typable with the following deriv-
able judgements:

2:D—= Dbty Mpay: D (5.4)

2:DFy, Myp: D—D (5.5)

-y M.: D (5.6)
2:D"xD,k:CkyM;:D and z:D" x Dbty Mceage : D (5.7)
-, M: D (5.8)
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This enables the definition of the morphisms of a Ag-model.

Definition 5.3.1

In a continuation Ag-model, the morphisms lam, app, ¢, * and case are

given by
lam = |Mim|..psp:DP — D
app = [Mapplup: D = DV
¢ = |Mg| :1—-D
case = |Mcase|zpnxp: D" x D — D
= |M] :1—-D

where Mian, Mapp, Mc,, Mcase and M- are defined in Fig 5.3.

Now we check that this definition makes the diagrams of Fig. 4.1 p. 59 com-
mute.

Lemma 5.3.3. app; lam = Idp.

PROQF : By (B.2), [app;lam] —} Az.Mian[z := My . Hence,
[app; lam|—5 Az Aklet (g, 2) :=Tc kin let (z,2) ) =25 in My, v (ic ng,x;D)
= Az Aklet (xg, xr) =1 kin let {x, 2l ) =15 2 in

let qyt%y‘n'b =T (\I/c 43707-%;—%) mz (ic de,is qxayﬂ'bb)

=% Az Aklet (xg,xr) =1 kin let {x, 2l ) =15 2 in

z (\I(c <]-T9a~l/5 qx’x;w)

=5 AzAklet (zg, v ) :=Tc kin let (z,z]) =15 z in
z (\I(c <]-T9a~lrs Qx,w;M)

=y Az.Ak.let (o, 2:) :=Tc k in 2 (ic {xo,ds (Ts ac,r)b)

=5 Az Ak.let (g, xr) =T kin 2z (ia ng,x,rb)

= Az Mk 2 (e (Tc k)

=y Az.z
On the other hand, Idp —, A\z.z by definition of R. Thus app ; lam = Idp by (B.1). O
Lemma 5.3.4. lam; app = Ildpo.

PROOF : By (B.2), [1am; app] i A2 Mapp[2 := Maq] . Hence,
[1am; app] =5 Az Azk.let {xg, xz) =1 k in Mlam( e {xg, s Qx,xWM)
=5 Az ak.det (wg, xr) :=Tc kin let (yo, y=) := (o, s {z, 21)) in
let {y,yi) =15 yx in 2 y (e (Yo, Y))

=5 Az xk.let (wg, xr) :=Tc k in
let {y, ) = (222 in 2 y ( Lo (20, 5,))
—r Az Azk.let (zg,x.) =T kin z x (le (zo,2x))
=, Axk.zxk
=, Az.z
On the other hand, Idpo —p Az.z, thus app ; lam = Idp by (B.1). O

The following lemma ensures the commutation of the diagram (D2).

Lemma 5.3.5. Foralli <n, my; m'

" = (Ildpnxc}); case: D"x1 — D"xD.
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PROOF : On one hand, [my; 7] = Az.(Azal(z))((Az.my(2)) 2)
Azl (m (z))

D o*

On the other hand,
(Idpn x c}) = (mq, (my;¢})) = |{m(x), M, )]|oprx1: D" x1—D"xD.

So [(Idpn x c;) ; case] =% Av.Mease|z := (my(z), Mc,)] by (B.2).
Hence )
[(Idpn x c}) ; case] —% Az.Aklet (xg,x) =1 k in let (zg,y) = (m(2), M) in
Y ( be ({My, ... 7M’VLD7’L):E7TD) )
where M; = Mk'.let (yo,yz) :=Tc k' in
. let {x15...52n)n = 20 in 25 (ic Qscg,yﬂb)
[(Idpn x c}) ; case] —% Az.Aklet (xg,x,) :=1c k in
M, ( de (M7, ... ’M’I{LDn7x7r[>) )
where M] = Ak'.let (yo,yz) :=1Tc K in
' let (@1;.. .5 @phn = m (2) in z; (e {To,yx))
[(Idpn x c}) ; case] —% AzAklet (xg,z) :=1Tc k in
let (xg, ) == ((M1,..., M} )p,xz) in
let (z1;...;20)n = xg in z; k
=5 Ax ket (xg,zq) =T k in
let (z1;...;Tphn = (M1,..., M)y, in z; k
=5 Az ket (o, x.) :=Tc kin M| k
=5 Az Aklet (o, z.) =1 kin let (Yo, yx) :=Tc k in
let {x1;5...520)n =7 (x) in x; (ic ng,yﬂ[))

=5 Az Ak.let {x1;.. 520 hn =7 (x) in
Ti (ic (m1(Te k), mo(Te k)b)
=5 Az Akdet (5.2 =T (2) in o k
=y Azl (m(z))
Hence 7y ; 7' = (Ian x cf); case by (B.1). O

The following lemma ensures the commutation of the diagram (D3).

Lemma 5.3.6. Let M~ = (my1(x), {79 (x), mo(x)]).

The typing judgement x : (D™ x D) x D, M~ : D™ x (D x D) is derivable.
Write he = | M| ,.(prnxDyxp- It is commutation isomorphism from (D" x D)x D
to D™ x (D x D). Then,

(case x Idp); (app x ldp);ev = hx;(ldpn X (app X ldp)); (Ildpn X ev); case .
PROOF : c¢f. appendix A.2.2. O

For the commutation of (D5), remember that @ = (..., ((Idp» x7}"); case), . . .).

Lemma 5.3.7. Write M~ = (my1(2), {791 (2), m3(2))),
and hx = |Meg|..(prxpryxp- It is the commutation isomorphism from
(D™ x D™) x D to D™ x (D™ x D). Then,

(e x Idp) ; case = h~; (ldpn X case) ; case .

PROOF : ¢f. appendix A.2.2. O
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Finally, the following lemma ensures that the diagram (D6) commutes:

Lemma 5.3.8. In D" x 1 — D the following equality holds:
(Idpn x ) ; case = my;

PROOF : We show that the atomic terms associated to these morphisms reduce on a

same term.
[Idpn x ] =% Ax{my(z), M) (B.7)
[(Idpn x ) ; case]—=* Az.Mease|z := {m, (), M- )] (B.2)
= AzAkldet (zo,x:) :=Tc k in

let (yg,y) == (m(x), M) iny ( be ({Ma, ... aMnDn»xﬂD) )
MK let (zg, zz) :=Tc K in

let (z15... 520 = yo in T4 ( le ng,zﬁb)

*
p
*
p

where M;

[(Idpn x ) ; case|—, Avk.let (xo,x.) :=Tc k in
M- ( \J/C quiv cee aMr/LDnawa) y
where M/ = MK'let (z9,2zz) :=Tc K in
let {x1;...;2p)n i=m(2) in z; (ic ng,zwb)

[(Idpn x ') ; case|—, Azk.let (zp,z.) :=Tc k in
let Qyo, yxh := ((M7, ..., My, wx) in
L (de ({Lps- - L), ya))
where L, = let (y,ys) :=yr iny

[(Idpn X ;) ; case|—)  Azk.let (xg,z.) =T k in

P
J—D (~lxc 4<J—D7-~-aJ—D>a$7rl>)
where | p = let (y,yo) =z iny

This means [(Idp» x ') ; case] =5 Ar.M-.
By (B.2), [my; '] —p Ax.M- (since M- is a closed term).
Also (Idpn X ) ; case =7y ; . O

With all these lemmas we can conclude that any continuation model can be
turned into a Ag-model.

Theorem 5.2. Given C a CCC with three objects R,C and S such that
C2(R)"xS and S=R°xS,
let My = (C,D,app,lam, (cf)’,") where
- D=RC,
- app, lam, (c)i~, and * are defined as in Def. 5.5.1.

Then M is a Ag-model in C, in the sense of Def. /.2.2.

PrOOF : By Lem. 5.3.2, app, lam, * and the c}’s are all well defined morphisms between
the required objects. Moreover, the diagram (D1) commutes in C by Lem. 5.3.3 and
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Lem. 5.3.4. The diagram (D3) commutes by Lem. 5.3.6, which entails the commutation
of (D4) by Prop. 4.2.1. Finally, the commutations of the diagrams (D2), (D3) and (D6)
are ensured by Lem. 5.3.5, Lem. 5.3.7, and Lem. 5.3.8 respectively. O

We call A, the classical Ay-model in the category C.

5.3.3 A non syntactic model of the \y-calculus

Searching for a denotational semantics for the lambda calculus, Dana Scott elabo-
rated in the late 60’s a theory of domains, in which he developed a method [Sco70,
GS90] to embed any complete lattice D in a lattice Dy, satisfying

Do = Dy — Do .

Domain theory emerged as a fruitful setting for the denotational semantics of
various families of lambda calculi, and has been well studied since then [SHLG94,
ACO03].

Scott’s construction also works for complete partial orders (cpo, for short),
and enables to solve various recursive equations [Win93, Chap. 12] written with
the unit object 1, the product, the functional arrow and the sum.

In particular for a given cpo R, the equation X = X x RX has a least
solution C'. It is thus possible to construct a continuation model in Cpo, the
category of complete partial orders and continuous functions. As explained p. 92
this provides a continuation Ag-model, by taking S = C. By Theo. 5.2 we
know then how to define the classical model .Z, of the lambda calculus with
constructors in Cpo. Unlike the PER model .#,,; (Sec 4.3), it is not a syntactic
model.

Streicher and Reus have shown [RS98] that every Scott’s Doo-model is iso-
morphic to a continuation model R® (where R is in fact the initial cpo used for
the construction of D). Also there is few hope to construct a Ag-model in a
category of partial orders that would not be equivalent to the classical model.

However continuation Ag-models are probably not complete for the lambda
calculus with constructors: there might be some Ag-models that are not equiv-
alent to the classical model. Hofmann and Streicher have shown [HS97] that
continuation models are complete for the Ap-calculus of Parigot [Par92]. Also
we conjecture that the continuation Ag-models are complete for the Ap-calculus
with constructors (obtained by merging both calculi).
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Some detailed proofs

A.1 Categorical models

A.1.1 Proof of soundness of \y-models

Lemma (4.2.4). Given ' = {x1,...,z1}, and two terms t and u such that
fv(u) CT and tv(t) CT U{y},

(Id,[u]r) = [tr,
[t[y = UHF = Dk —F> Dk xD— Dk+1 —y> D

PROOF : Remember that the equivalence morphism from D*x D to D**1 is ((mry; X)), ..., (m k), my).

Also what we want to show is

(Tt fulr) [tlr.y
[tly :== u]l]r = DF ——— Dk+!

We do it by structural induction on t:

o Ift =y, [t]F,y = ﬂ-l]:jr_% SO [u]r = <7Tf, s 5771137 [UJ]F>; [t]F,y-
o Ift =y, [tlry = 7 so [wi]r = 7F = (ab, ... 7k, [u]r); [t]r.,-
o Ift =c, [tlr,y =!pre1;c® and (wf, ..., 7F [ulr);!prer =!pr by uniqueness of the

morphism in 1. Thus the equality holds.

o Ift = Axpqq.to, then [Az.toly := ullr = A(f); lam,

=~ [to[y::u]]r‘ymk+1
with f = D* x D DF+1 D . By induction hypothesis,
~ 7rk+l,...,7rkj+l,u @ t z v
f= DFxD— pret T ey

Since [Azji1-tolry = A(f'); lam, with f' = DF1 x D —— Dk+2
we just have to prove that A(f) = (zf,..., 7%, [ulr); A(f').

By Lem. 4.1.3, this equation is equivalent to f = ((x¥,..., 7k, [ulr) x Idp); f'. We
prove that the following diagram commutes:

[tO]FJ/-,karl

7
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D* x D — Dk+!

(ﬂ)f,“.,ﬂ':,[u]r> XIdDJ{

DF+1 5 p —> DF+2

(W’f+11'~~7ﬂ:ii7[u]r,wk+1>
DFE+2
J{ [tU]F,Ik+1 Y
D

[tO]F,y,mk+1

It does commute, as merger of the three following diagrams:

DF x D — Dk+!

<7rf,...,7r:,[u]r>XIdDJ( Jﬁr

Dk+1 . p —> DF+?2

This diagram com-
mutes by uniqueness (1
of product morphism. !

.....

k41 k41
..... 7-rk+ 1[u]r‘yzk+1,ﬂ'kil>J/

This diagram commutes by exchange

property (Lem. 4.2.3).

This diagram commutes
by,, weakening  property
[tem. 4.2.3) and by unique-
ness of product morphism.

k ’[U]F,Ik+11ﬂ-

k+1 k41
(mh ﬂ-kil’[u]r‘mk+l>

Dk+1 Dk+2

ah2 k2
Dk+2

Dk+2

aaaaa ko 0 Tg2™

k+2
k41

)

k+2 k+2 k+2 k+2
[ 4 77'1'16_*_2,71'1“’_'_1)
[tO}I‘,warl,y

Dh+2 D

[tO]F,yvmk+1

o Ift = tyty, then [tly := ul]r = ([t1[y := u]|r, [t2]y := u]]r) ; (app X ldp) ; ev. By

induction hypothesis,

([t1ly = wllr, [t2ly = ul]r) = (=T, ..

which is equal to (¥, ..

[tltg[y = u]]p = <7Ti€, ..

aﬂ—ll:a [U]F>; [tl]F,y)v (<7T{ca i

s [ule) 5 ([tar s [ta]r,y). Hence,

: 7771}3’ [ulr); [t1t2h“,y .

o Ift ={0[ - u, it is similar to previous case. O

Proposition (4.2.5). If # = (C,D,lan, app, (¢;*)*

then for any T' = {z1,..

n_,,case,’) is a Agmodel,

., Tk} and any terms ti,ty such that fv(t1) C T and

t1 — to, the interpretation given in Fig. .2 satisfies [t1]r = [t2]r.

PROOF :

Let t1,t5 be two Ag-terms such that t; — t5. We prove by induction on

the structure of t; that for any I' containing all free variables of t1, [ti|r = [ta]r. If
the reduction does not involve a head redex, we immediately conclude with induction
hypothesis. So we consider all possible reductions in head position:

o t1 = (A\x.t)u and to = tlx = ul.

[t] D ((A(ft);1am),[u]r)
1]T —

appX Ildp

100
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~ e e
with f, = D* x D — Dbl — D . Thus

Idp,[ulr) ; (ft); lam; app) x ldp ; ev

< ’ (A t
= (ldp,[ulr) ; A(fy) x Idp ; ev (D1)
= (Ildp,[u]r); fi (Def. of exponential)
= [tle:=u]lr (Lem. 4.2.4)

t1 = \x.tx (with x ¢ fv(t)) and to = t. Then [t1]r = A(fiz) ; lam
. = (tlr,z»[z]r,2) appX Idp ev
where fi, = D¥ x D — Dl ——— Dx D ——DP xD— D .
But x ¢ fv(t) implies [t]r, = (7t ..., 7F™) 5 [t]r by weakening property
(Lem. 4.2.3), and [z]p 5 = W’;I}
(e m ) )

>~ Thi1 ([t]r; app) x Idp ev
So fio = D¥ x D — Dk+1 D¢xD—————DPxD—D.

W

By uniqueness of the exponential, A(fi.) = [t|r; app, and [t1]r = [t]r; app; lam =
[tlr by (D1).

t1={0} - ¢ and to = u;, where 0 = {¢;— u;/j € J}, with J C [1..n].

[Uj]p lfj eJ

Then [alr = ((fi £ [ele) < case wieh f; ={ [0 I ET

and [¢]p =!pw;c].

<<f11 fn a'Dk> IanXc
The following diagram commutes: DF ——— D" x1 —— D" x D |

P N T O

D" —n> D
So[tl]r = <f1a-~-afn>7 i f’L = [ z}
t1 =40} - (tu) and to= ({0} -t) u
[ti]r = ([0]r, [tu]r) ; case with [tu]r = ([t]r, [U][‘> ; (app x Idp) ; ev
[ta]lr = ((([0]r, [tIr) ; case), [u]r) ; (app x Idp);e
So [t1]r = [to]r because the following diagram Commutes

Id x (app x Idb D Id xev
D" x (D x D) —— D" x (D” x D) —— D" x D

W]F,MMV Y

DF* (D3) D

(e > () fe) /

(D" x D)x D ———— Dx D —— > DP x D
casex Id appx Id

IR

t1 = {05} - Ax.t and ty = Az {0} -t with x ¢ fv(0).
=~ [tlr,«

tilr = r +);lam)) ; case with f; = xD—D _— an
[t1] ([O]r, (A(fe); 1am)) ; h f;= D*xD ko D, and

=~ ([0]r,z,[t]lr =) case
fop-t); lam  with fygp. = D¥ x D — D1 ——— D" x D —> D .
O, (A(f,); 1am) ; case
[0]r, A(ft)) ; (Idp» X lam) ; case
[Olr, A(f:)) ; case®; lam by (D4)

[talr = A(fyo
So [ti]r = (
= (

(
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Ax.C , case = tcage

Appendix A. Some detailed proofs

Hence [t1]r = [t2]r if ([0]r, A(ft)) ; case® = A(fyop-t)-
Remember (page 77) that case® = A(fcase), With

Idpn Xev case

foase = (D" x DP) x D — D" x (DP x D) ——=% pr x D =25 p

Hence by Lem. 4.1.3, [ti]r = [to]r  if ({[0]r, A(f+)) X 1dq) ; fease = [qop-t-
Remark that (([0]r, A(fi)) x Idq) ; fease = lhs ; case, with

([0]r,A(f¢))xldp = Idpnxev
lhs = D*xD —— (D"xDP)xD —— D"x(DPxD) ———— D"xD
{(ry ; [0]r),Id) Idpnx(A(f)xIdp) Idpnxev
= D*xD ———— D"x(D*xD) ———— D"x(DPxD) ————— D"xD
((my 5 [0]r),1d) Idpn X ft
= D*xD ———— D"x(D*xD) D"xD

On the other hand, fyey.+ = rhs; case, with

) (Id,Id) (0]r,2 X [t]r,2
rhs = D*xD — D! — DFF1x ph+l T D"xD
(Id,Id) (oo, )X I (0]r X [t]r, o
= DFxD —> DFtl —— pktly pktl —> DFxDFtl ——— D"XD (Lem. 4.2.3)
(Id,Id) X = [ ]rX[t]F,m
= D*xD ——— (D*xD)x(D*xD) —> DEx Dkt — 5 D"xD
(Id,Id) (74 ; [0]r) X f+
= D*xD ————— (D*xD)x(D*xD) D"™xD

Finally rhs = IThs = {(7y; [0]r) , ft), and so [t1]r=[t2]r.

o tr={0 - {6} -t and t5 ={0 o 1.
[tilr = (([0]r, ([¢]r. [t]r))) 5 (Idpn x case) ; case, and
[talr = (([0 o @]r, [t]r)) ; case.

Both terms have the same interpretation if the following diagram commute:

Idpn Xcase

(D" x D) D™ x D
([0]r ([]r V \ (D5) &‘
{[0]r,[¢]r)[tlr)

(D™ x D™) x D D
(41) J/’XIdD case

D" x D

([0od]r,[t]r)

The upper triangle commutes by uniqueness of the product, the triangle below
commutes if (D6) commutes (consequence of Lem. 4.2.2), and the right part of
the diagram is exactly (D5). Also the interpretation is correct w.r.t. CASECASE
if (D5) and (D6) commute.

A.1.2 Proof of correctness of PER-model

The following lemma achieves the proof of Prop. 4.3.3.

Lemma. In the category PER),, let D = ~,_, lam = app = Idp, c* =
foasa 2" XD)ﬁD, with tease = Ax.{(c; = 7' (myx))i 4 [} - mox, and

=X fra P Then the diagrams (D2), (D3), (D5) and (D6) (of Fig. 4.1)
commute.
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PROOF : (D2): We show that rhs = =, where rhs = h~ ; (Idpn X c}) ; case
(with he = )\x.Qx,x[)D - X1). Remember that (Idpn x c) = Azv.(mz, (Az.c;) (7o)
by Rem. ??. We simplify rhs, considering terms up to Ag-equivalence (4.2).

D™D

rhs = Az.tease((A0-(my 7, (Az.C)2)) (Na- (2, 2))2))

D"—D
= Az.tease ((m (2, ZDJL (Az.¢c;) (42, 2))))
_ D"
= Az.tease((2,¢i))
D"—D

= Azf(ci = mi (i, e))is - mo (2, ca)

P o D" —D
= Az{(c; = 7] (quvaiD))Eﬁ&bWQqZ»CiD

‘—
= {2 o
= Az.7} PR by CASECONS
(D3):  We show that lhs = rhs, where lhs = (case x Idp) ; (app x Idp) ; ev,

and rhs = h~ ; (Idpn X (app X Idp)) ; (Ildp» X ev); case, with

(D" xD)xD—D" x(DxD)
he = Az.(m; (my2), (T (T 2), Toz)) ‘

Notice that app X Idp = ldpxp, so lhs = (case x Ildp) ; ev, and

lhs = Az.(Ax.(mz) (7o)
)

rhs

(D5):

rhs = he ; (Idpn X ev);case.

(Ax.(tease (71 2), WQ.Z‘D)Z)

(¢

(t case( z), my2)

)

Nzl 7T2(7T1Z))(7T22)

= Aztcase (Ay-(myy, (Az.(m @) (M) (m,y)) ((Az.(my (my2), (7o (my2), o)) 2)
Aztease (AY-(m1y, (1 (m2y)) (o (m2y)))) (1 (71 2), (o (712), ma2))

Az.bease (my(m12), (my(my2))(m32))

Az (ci = mp(my (m2) iy |- (mp(m2) (7722'))

= )\z.({](ci = i (my (m2)))i - my(my 2 ))(7r2 ) by CASEAPP

Let lhs = (e x Idp) ; case, and rhs = h~ ; (Idp» X case) ; case, with

(D" xD")xD—D" x (D™ xD)
ha = Az.(my (my2) , (my(myx) | ma)) :

( )
= )\z (Az.(mz)(myx))

(tcase(Trl ) (7722
= )\z.({](ci =l (my (T2

| ~

Then (D5) commutes means lhs = rhs.
Remember that @ : D™ x D™ — D" is the pairing of all (Idp» x 7") ; case. Thus

rhs

o = Ax.(.. ()\y.tcase (myy, 7 (my)))x, .. )
Az .. tease (M@, wh(myx)), .. )
oex Ildp = Ax.( (... ,tcase (mq (my2) , 7 (mo(myx))), .. ) 5 myz)
lhs = Az.tcase ( (.-, tcase (m1(m12), 7k (7q(
AzA(ci = tease (my(m2), ™ (7r2(7712)
) )
1

= A\z. {|(C1 — tcase (]7T1 (71'12
Az{(ci = {(cj = 7} (m

)\Z~tcase ( >\x 7T1£L' tcase(WQx)D) (]7T1 (71—1
)\Z.tcase ((]Tf'l (771 ), tcase(]7T2(7r1 ) ) ﬂ-ZZDD)
(

Az (ci = i (my (m12)))is - {(ej = 77 (ma(m12))) 7 [ - (m92)
AzAl(ej = (e = mf (my (my2)))is | - 77 (o (71 2))) 7 [ - (722)  (by CASECASE)
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(D6): This diagram commutes if lhs = rhs, with lhs = my ; °,
and rhs = (Idpn X *) ; case.
Ihs = Ao.0w ) o) () 7

————D"x1—-D

=X} «a
rhs = Az.dcase (M2, , Az} - c1) (m92))

D" x1—D
= )\Z-tcase qﬂ-lzy 7{H} ! ClD

= Az {(ei = m(m2)is b - - e
D" x1—

=X}« b (by CASECASE) O

D" x1—D

D" x1—D

A.1.3 Proof of completeness of PER-model

In this section we give the proofs of all the lemmas of Sec. 4.3.4 that are needed
for the completeness result (Theo. 4.2). All of them rely on rewriting arguments,
although this thesis is not a thesis about rewriting.

Lemma (4.3.6). A -reduction on completed terms
Let t be a defined term. Then, for any term t',

%V—>A% t' implies t =ty for some to such that t — tg.

(Remember that A denotes the Ag-calculus without rule CASECASE).
PROOF : By structural induction on t. First notice that every CASECONS redex
present in t corresponds to a CASECONS redex in t, as t is defined. Moreover, { [} - ¢ is
not reducible so every redex in a sub-term of t corresponds to a redex in a sub-term of t
Also if the reduction t — t' is performed in a (strict) sub-term of t, we can immediately
conclude with induction hypothesis. So it is sufficient to check the lemma for the five
possible reductions in head position t — t', which is trivial. O

Lemma (4.3.7). CASECASE reduction on completed terms
For any term t,t,

t—veet! implies t' — to for some ty such that t —ee to

where —.. denotes a reduction with rule CASECASE.
PROOF : By by structural induction on t. If the CASECASE reduction occurs in a strict
sub-term of t then we conclude with induction hypothesis. Otherwise t = {0} - {¢]} - u,

and t/ = {f o @]} - u. Then we take to = {6 o ¢|} - u, since § o ¢ —7, §o¢. Indeed, if
o= {Ci — ui/i € I} then

God = {cir {8} /i € IYU{cim {8} - (b -ci/i ¢ T}

Y (i 0} @i )ie IYU{c; = {} -c1/i ¢ I}

Also t' —*, 1. O

Lemma (4.3.9). Commutation case-completion/CC-normal form
For any term t,

@) =4t.

104



tel-00662500, version 1 - 24 Jan 2012

A.1. Categorical models

PROOF : By induction on the size of the maximal reduction t —..| (t). If t =l (¢),
then t is CaseCAsE-normal, and so is t (Fact.4.3.4). Thust =| t and Z:jlvt. Otherwise
let t —c. t' =% (t). By Lem. 4.3.7, there is a term ty such that t' =%, ty and t — . to.
Hence t =1 to —=*.l (t) =0 (to). By induction hypothesis, || (o) = U to. Moreover

—_——

Uto=Ut, s0(It)=(to) =l (to) = (2). O

Lemma (4.3.10). For any terms t,t', if t ~a t' then there exists a term u such
that
bt —>:% u—it.

PROOF :  The proof proceeds by induction on s(t), the structural measure of t (Def. 2.1.2).
For any term s (or any case-binding ), s’ (resp. 0') represents a term (resp. a case-
binding) such that s —, s (resp. 0. —», 6. for some ¢ € dom(#), and 6. = 0., for
¢ 4c)

e Ift is an application, either t = t1to and t' = tity (or t' = t1t}) and we conclude
with induction hypotheses, or t = (A\x.t1)te and t' = t1[x := t3]. In that case,
bt= 0z Jt1) | ta —a (U t)[z = ta] =24 (U t1)[x =] ta2]. Moreover,
I (I t)]x = to] =V (t1]x :=t2]). Thus | ¢ oV (I t1)[z =] ta] =24 1.

e If t is an abstraction, either t = Ax.top and ' = Ax.tj and we conclude with
induction hypothesis, or t = A\x.t'x with « ¢ tv(¢'). In that case, || t = Az. ||
t'x —>)\%U t.

o Ift ={0[ -z, then t' = {0’} - © and we conclude with induction hypothesis.

o Ift = {0[ - c, then either t' = {0’} - ¢ and we conclude with induction hypothesis,
ort' = 0. andl}t:ﬂllﬁﬂ»~c—>/\%ll05.

o If t = {0 - t1to, then either t' = {#'[} - t1t2 and we conclude with induction
hypothesis, or t' = {0} - to with tits —; toor t'= ({0} - t1)to.

In the second case, by induction hypothesis there is some wug such that
| t1ts —>:% ug 5.l to. Hence

Utz{er[}ﬂtltg—);%{lﬁeﬂuO%zcﬂﬂeﬁlﬁto—)zc“{lﬁe[}“to

Moreover, every sub-term of | t' is in CASECASE normal form, so
Wt =L U0 b to. Thus Ut =% {16} -uo 7,0 ¢
3
In the last case, | t ={ | 0} - (J 1 | £2), so
bt =y JUop-Ut) bt =20 (U0 dtr) S ta =0 {0} -t1 I ta.

o Ift ={0[ - Ax.ty, idem as previous case.

o Ift = {0} - {o]} - to, then either t' = {0 - {¢'} - to, or t' = {0} - {o} - ¢, or
t"={0"% - ol - to-
In the first case, write t; = {6 o ¢} - to and t} = {6 o ¢'[} - to. Remark that
s(t1) < s(t) (since the structural measure decreases by CASECASE-reduction),
and that t; —», t}. By induction hypothesis, there is some u such that
Jt1 =% uw—it). Since |t =| ¢ and |} ' = t| we are done.

A

In the second case, same method but with t] = {6 o ¢} - t,.

105



tel-00662500, version 1 - 24 Jan 2012

Appendix A. Some detailed proofs

In the last case, writet = {0} - {1} - - - - { Dk} - wo, where ug is not a case construct
(thus k > 1). Then | t = { | (@ o)} | wo, with v = ¢y 0 (-+- 0 ¢y), and
Yt ={ (0" c) § uo (since ((0ogr)o--)ogp =i 0ov)
Let us explicit J t and |} t': Jt = {c—={ {0 - ¥ /c € dom(¥)[}- I ug

bt = {e=d {0} - e/ c € dom(¢) [} I ug
Remark that s({0]} - v¥c) < s(t) (the structural measure decreases by CASECASE-
reduction, and preserves the order of sub-term relation), and that
{0} - ¥ —az {0’} - ¥e. Hence , by induction hypothesis, for each ¢ € dom(¢)
there is a term uc such that | {0[} - ¢ —>§% ue =i {0 - Y. Thus

Ut—>§\;u—>zcll t’ for u={c—uc/cedom(y)} § ug . O

A.2 Abstract machine and CPS translation

A.2.1 Abstract machine correction
Proposition (5.1.1). If a Ag-term t has a head normal form h, then eval(t) = h.

PROOF : By induction on the reduction t —3, h. Ift itself is in normal form, it follows
from the definition. Now we prove that t —y t' implies eval(t) = eval(t'), by structural
induction on t. Writet = tg . ..t;, where tq is not an application. Three cases can occur:

1. to=Adz.wand k <1 and t' = ulz :=t1]ta ... tg.
Then both load (t) and load (¢') reach state ¢ * wulx :=1t1] * to...t;. Hence
eval(t) = eval(t').

2. tp="Hand k <1 andt' ="ty...t;. Then eval(t) = eval(t') = .
3.ty —oy th and t' =ty ...ty

e Ifk =0, five different cases may arise:

- t={0} - Azwandt' = Az {0} - u

- t={0 ®andt =

In both cases eval(t) =t

- t={0}-candc—t €6

- t={0] -uiuz and t' = ({0} - u1)us

- t={0} - {off -vwandt' =00} -u

In those three cases, load (t) and load (') both reach a same state (resp. (¢ x t' x <)
and (0 x uy * ug-o)and (Bod * u x <)). Also eval(t) = eval(t').

e Ifk > 1, by induction hypothesis eval(to) = eval(t;). Moreover, writing w
evaluation steps that are not (f) * Y™ x © » o * "M % o, we can remark
that
O x t * m >\’; @ * t x m
implies (A1)
@ * t « mmy w»E (O * ' x mm

\
If eval(ty) # ", then

load(to) = o x ty x © load(t)) = o x ty * ©

load(tg) >y (0) x u * m load(t)) > (0 x uy x m
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where (§) * wg * mo (written so) and (6)’

and unload(sp) = unload(s)) = eval(ty).
Write m =ty - - -ty - . Hence (?77?) implies

* uy * m, (written s{,) are final

load(t) w5 © * to x ™ L (0) * u x mm (=3)

load(t') wy o x tp x m wL (0) x ug x mm (=5)

x If ug is not an abstraction, then sg is final and unload(sy) = unload(s])
implies sg = s{, so s = §'.

x If ug is an abstraction, then either sy = s, and we are done,
orsg=0 x dru; * o andshj=¢ * Axf0}-u; x o (or conversely)
with x ¢ fv(f). Then we can conclude like in case 1 (s and s’ produce the
same state).

If eval(ty) = "X, then

load(to) =< * to *x o wi (0) * X x m B o x W % o

Writing m =t1 -+ -ty -, (?7?) implies

load(t) PL O x loox T B 0y * H x mem B o x H % o

Also eval(t) = "H. The same reasoning on t' leads to eval(t') =" O

A.2.2 From continuation model to Ay-model

Lemma (5.3.6). Let M~ = (my;(x), {7y (), m(x)]).
The typing judgement x : (D™ x D) x D, M~ : D™ x (D x D) is derivable.
Write ha = | M=|,.(pnxpyxp- Then,

(case x Idp); (app x Ildp);ev = hx; (Idpn X (app X Idp)); (Idp» X ev); case .

PROOF :  On the one hand, let f = (case x Idp); (app x Idp);ev.
Then f = ((case;app) x Idp);ev = ((m;case;app), my);ev.
By (B.2), [cas€;app| —5 A\z.Mapp[2 := Mcase]. Hence
[case;app] —5 Azzk. let (zo,x) :=Tc k in Mcase (le (79, Ls {2z, 22)))
=5 Az Azk. let (xg, 2] :=1¢ k in let (Yo, y=) = (20, s {2, 22)) in
let 4y¢7yD =ziny (\Lc (M, .. 'anDnvyﬂ'D) )
where M; = MK.let (z9,2:) :=Tc K in
let {z1;...52p)n = Yp in z; (J,C ng,zﬂb)
[cas€japp| — Azzk. let (zg, 2. :=Tc k in let {yg,y) = 2 in
y ( \LC quiv M 7M7/LDTL7\1/S qz7$ﬂbb) )
where M/ = M.let (zg,2:) =1 K in
let (z1;...;2phn = Yp in z; (io ng,zwb)
Moreover 7, —, Az.7;(2), and so by (B.2),
[7,; case;app| =5 Az Azk. let (xg, 2] :=1c k in let (y,y
g (Ve (ML Mo Ltz 220))
In the same way, 7, —, Az.m;(2) and so by (B.3),

) :=m(2) in
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Az, (Azk. let (wg,xx) :=1c k in let (yg,y) = m1(2) in
y (e (M1, My Do ds (2, 2x))))  ma(2)
=5 Az Ak et (xg,xx) =1 Kk in let (yg,y) == m(2) in
Yy (\LC qu{v e M»,/lbn;\l/s 4”2(2)7377\'DD)
H; Azk. let (zg, ) =1 k in 791(2) (Je ({N1,- s Nohnyds {ma(2), 22)))
with N; = Mk'.let (zp, zz) :=1c k' in let (z1;... ;200 = 71 (2) in 24 (ic Qarg,zﬂb)

On the other hand, let g = ha; (Idpn x (app X Idp)); (Idpn X ev);case .
Then g = hes; (Idp» x ({(71;app) , my) ; ev)); case . Then

[((my;app), ™) s ev] =) Aw. Mapplz := 7y (2)] my(2) (B.3)
[ldpn x (((7;2pp) , Ty) ; €v)] —, Ay (1 (y)s Mapp[2 := m15(y)] T2 (y)) (B.7)
hes; (Idpn % ({(m1;app) , 72) ; €v)

— 1(Mz), Mappz 1= 9 (M) mop(Mz)) (B.2)

. m 2
=5 ALy (2), Mapp|2 i= 7y (2)] ()
Still by (B.2), g —5 Ar.Mease[2 = Q7r 1(2), Mapp |z := 7y ()] my(x))], which means

g —y AvAklet (wg, v ) :="1c kin let (yy,y) := (711 (2), Mapp[2 := 79y (¥)] T ()] in
) ( \I/c qula cee 7MnDn7:E7TD)
with M; = MK’ let (zg, 2z ) :=1c k' in let (x1;.. . ;200 =y in 25 (ic Qx.g,z,rb).
g—y A )\k let (xg,zz) :=Tc k in
P[Z 1= Ty (2)] (2 )(Jrcqula"'a nhn, Tr )
with N; = MK/ let (zg, zz) :=1c k' in let (@1;. .. ;000 = 711 (2) in x; (Le {20, 21))-

Notice that Mapp[2 1= 7y ()] To(x) —

A let (Yo, yx) :=Tc K in my1(2) (de (Yo, ds {m2(2),yx))).
Hence g —; Av.Aklet (xg,x-) :=1c k in let {yo, y=) := {{N1, ..., Non, zz) in

a1 () (i/c (yo, s 4772(17)7%7”)
=% A dkldet (zo, ) :=Tc k in my () (e (N1, ..., NoDns bs (ma(2), 22)))

Finally f and ¢ reduce on the same term (up to a-equivalence), thus f = g by (B.1). O
Lemma (5.3.7). Write M= = {m;(2), {73, (2), m2(2)),

and he = [Meg] 2(DnxDpmyxp- At is the commutation isomorphism from
(D™ x D™) x D to D™ x (D™ x D). Then,

(e x Idp) ; case = h~; (Idpn X case) ; case .

PROOF : Let f = (exIdp) ; case. Remember that e = (..., ((Idp~ X 7['); case),...).
Hence,

[Ldpn x 7}'] =5 Azmy(2), 1] (ma(2))) (B.7)
[(Idpn x 7}) 5 case| = Az.Measel2 1= (71 (2), 7] (7o (2)))] (B.2)
é Az M, (B.5)

thh Mo = (..., Mcage[z := {mi(2), m'(ma(2))D ], - Dan
[@ x ldp]| =5 Az (M,[z =7y (2)], ma(2)) (B.7)
f =5 Az Mease[z 1= (M2 1= m(2)], To(2))] (B.2)

Remember that
Mease = Mklet (zg,xz) :=Tc k in let {yp,y) =2z iny (ic (M, .. .,Mnbn,xﬁb)
where M; = Xk'.let (zg, zx) :=Tc k' in let (z1;...;20)n = yg in z; (ic q:vg,zﬂb)

108



tel-00662500, version 1 - 24 Jan 2012

A.2. Abstract machine and CPS translation

Hence

[ =y AzAkldet (xo, xx) =1 kin let {yg,y) := (Me[z := m,(2)], ma(2)] in

. Yy (\Lc qula---yMnDnvarD)

fo=p Azdkldet (zg,xr) = =1c kin my(2) (Le ((M],..., M} )0, z7))

where M! = Mk'.let (zg, 2z :=Tc K in let {z1;...;Tphn = M|z := m(2)] in

Tq (\Lc qx97zﬂ'b)
5 MK let (29, zz]) :=Tc k' in Mease[2 := {my1(2), 71 (791 (2)))] (ic Qarg,zwb)
o AKLlet (zp, 2z :=1c K in let (g, 27 ) = (wo, 2] in
let (Yo, y) = (m11(2), 7 (w31 (2))) in y (Lo (N1~ -, Nahn, 27))

where N; = Ak let (zf, 2L) :==1c K in let (@1;.. 530 )0 =y in x; (Lo (), 25))

M! =% MNKlet (zg, zz) :=Tc K in

let {y, yh := (11 (2), 7] (71 (2))) in y (Lo (ANT, - Ny D, 2 ))
where N/ = MKlet (2, zL) :=1c k' in let (z1;...520)n = ys in z; (e (w0, 2L))

M! =3 AKdet {zg, zg) =1 K in 7 (11 (2)) (ic WUNY, ... N b, zwb)

p
where N/ = Mk'.let (zf, 2) :==1c K in let (21;...520)n = 74 (2) in 2 (Lo (2o, 2L))

Finally,

[y Azkldet (o, ax) :=1c kin my(2) (Le (M., M])n,xx)), where
M = XK.et (20,2z) =T k' in 7P (my1(2)) (Le UNY,..., N Dn, 22)), and
N“ = Mk'.let (2, L) =T k' in let (x1;. . @00 =711 (2) in @i (Lo (@0, 2%))

On the other hand, let g = h~ ; (Idpn x case) ; case.
[Idpn x case| —5 Az (7), Mcase]2 1= my()]) (B.7)
[hes; (Idpn x case)]  —5 Az (m(Ma), Mcase[2 := To(Mx)]) (B.2)
=y Az m11(2), Mease[2 := (3, (2), 72 (2))])

p

Hence, g—75 Az.Mease[2 1= (m11(2), Mecase[2 := {721 (2), m2(2))])] (B.2)
= Az \klet {zg,z:) :=Tc k in
let (Yo, yb = (m11(2), Mcase[2 := {791 (2), ma(2))]) in
Yy ( \J/c qula cee 7M’ILD’!L7x7TD)
with M; = MK'.let {zg, 2z) :=Tc K in

let (z1;...;Tnhn =Yy in x; (ip ng,zﬂb)

g—% Az Aklet (xg,xq) =T k in

Measelz == (71 (2), m2(2))] ( be (N1, -, NnbmeD)
with N; = AK'.let (zg,z:) :=1c K in

let {z1;...;2p)n = m1(2) in z; ( de o, zﬂD)

g—=% Az Aklet (xg,xq) =T k in
let {xzp, xl) == ({N1,. .., Nphn, ) in

let {yo,y) = (mp1(2), my(2)) iny (e (UM, ... M ), 27))
where M] = Mk'.let (zg, zz]) :=Tc k' in let (z1;...;Tphn = Yo In

z; (e (zh,2:)) -
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Also,

N
9=p

where M| =
h *
9=p
where M| =

*
_>p

Az Ak let (xg, xq) :=1c k in
let (g, y) := (721 (2), ma(2)) in y (e (M7, ...

anlszxTrD)

Mk let (zg, zz) =T K in let {z1;...;2n)n ==Yy in

Z; (\Lc 44N17"'7N1’LD1’L7Z7T|>)

Az ket (xg, xx) =1c kin my(z) (e (MY, M} )y, zx))
i

MK let (29, zz) :=Tc k' in let (@15 .5 Tn)n := Ty (
Ty ( \Lc qu].) DR 7N’I'LD’I'L7Z7TD)
MK et (zg, zx) :=Tc K in 70 (791 (2)) (e ({N1, ...

Finally § reduces on the same term as f, thus f = g
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Lambda calculus with pairs

B.1 Lambda calculus with pairs

In this appendix we recall the lambda calculus with pairs (or Ap-calculus), and
we detail its different variants that we may use. We parametrise it with some
P=(AAr,T,R,E) where:

e Ais a set of atomic terms,
o At is a set of atomic types.

The set of terms £(P) and the set of types L7(P) are then given by the grammars
of Fig. B.1. Reduction rules include the usual g-reduction and projections, as well
as the atomic reduction of R C L(P) x L(P). There is also a set T C A x Ay of
axiomatic typing rules, and an equivalence relation £ on types that contextually
closed. We may write A = B for (A, B) € £. The whole calculus is described in
Fig. B.1.

The reduction relation —, in the Ap-calculus is the contextual closure of —,.
As usual, we write —7 the transitive closure of —,, and 2, its reflexive symmetric
and transitive closure.

A walue in Ap-calculus is an abstraction or a pair:

Vi= XM | (M,N)

We write —,, the weak call-by-value strategy (c.b.v. for short) in the Ap-calculus:
A M)V —, Mlz:=V] m,((My, Ma)) — M;

M —, M’ N —, N’ (M,N)eR
MN —, M'N  (Ax.M)N —, (Az.M)N’ M —, N

Well-designed parameter The simply typed lambda calculus with pairs sat-
isfies the uniqueness of typing and the subject reduction property. We define a
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Terms. M,N,P = a|x|XeM|MN | (M,N)|m,(M) (efr2})

where @ € A
Types. AB:= T|A—-B|AxB where T' € A
Contexts. I = {x1:A5,... 2 A}
Reduction rules: M —, N if (M,N)eR
(\z.M) N —, Mz := N] . ((My, Ma)) —
Ifxé¢fv(M), XMz —, M (m (M), m(M)) —
oo rles: TIAEL (M A)ET  Th,M:A THA=B
YPIg TSt P A™ T, M AYT T+, M:B subs
Fz: A, M:B - r'-pbM:A I', N:B -
Tr, e M:A—B ¢ T, (M,N):AxB °
r-prM:A—-B I'F,N:A i Iy M: A x Ay i
Tk, MN: B T T M)A 0T

Figure B.1: Lambda calculus with pairs parametrised with P

notion of good design for P that preserves those properties for the parametrised
Ap-calculus.

Definition B.1.1

The parameter P = (A, A7, T, R, &) is well designed when:

o if (M,N) € R, then I' =, M : B implies I' -, N : B for each
context I and each type B,

e T associates only one type to each atomic term: if (a, T) € T and
(a,7") € T, then T = T".

e & isstable by sub-type: A1 xAy = By xBy (or Ay — Ay = B; — Bs)
implies A; = B; (for i = 1 and i = 2).

Remark that the minimal lambda-calculus with pairs (where A, R, 7T and £
are empty, and where there is only one atomic type) is well-designed.

Lemma B.1.1 (Substitution). For any terms M, N, any types A, B and any
context I', if T',x: Abp, M : B and ') N : A then I' -, M[z := N]: B.

PROOF : By induction on (the derivation of) T,z : A+, M : B. O

Lemma B.1.2 (Weakening). For any terms M such that x ¢ fv(M), if T,z :
AFp, M :B then T, M : B.
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Proor : By inductionon ',z : A, M : B. U

Lemma B.1.3 (Subject Reduction). If P is well-designed, then for any terms M, N,
any context I' and any type B,

{FFPM‘B — I't, M':B

M —, M’
ProoF : By induction on I';x : At, M : B. If the last step of the derivation uses
the rule SUBS, or if the redex involved in M —, M’ is a strict sub-term of M then we

conclude with the induction hypothesis. Otherwise, M —, M’ and the structure of M
determines the last rule involved in the derivation of I' -, M : B:

o If (M,M') € R thenT' -, M’ : B since P is well-designed.

Ty AzMy:A—B Th,N: A

IEM = (\z.Mo)N and M’ = Moz := N, with
* (Az.Mo) N an olz J; wi T+, (\z.Mo)N : B :

then ', Mylz := N] : B by Lem. B.1.1.
o If M = x.M'x, with x ¢ tv(M’), and

I'x: By Mx: By
', Ae.Mz: By = B>

where By — By = B,

then the derivation of I',x : By -, Mx : By necessarily ends with
F,x:Bll_leAl—>A2 P,(EZBl}_p(EZAl

—elim

The dashed line represent zero, one or several deduction step with the rule SUBS,
also Ay = By. Moreover I,z : By ), x : A; implies Ay = By, hence B = B; —
By = A - Ay . Alsol,x: By by M : Ay — Ay impliesT',x : By -, M : B
(Lem. B.1.2).

o If M = m;({N1, N2)), with M’ = N;, and

r l_p <|N1,N2D : Bl X BQ
I'bp m((N1, Na)) « B

where B; = B,

then the derivation of T' -, (N1, Na|) : By X By necessarily ends with
Fl_leiAl F}_pNQ:AQ

Xintro

Also By X By = A1 X Ay, which means that B; = A; if P is well-designed. Hence
we can derive I' =, N; @ B;.

o If M = (m (M), mo(M")), and

Fkp,m(M'):Br Thpmy(M'): By
Ik my (M), m(M")) : By x B

where Bl X BQ = B,

then the derivation of I' ), m;(M') : B; necessarily ends with
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Fl_pM/IA1><A2

xelim

Also A; = B; and thus B = B; X By = A; x Ay. HenceI' -, M’ : B. O

Lemma B.1.4 (Unique type). If P is well designed, then I' -, M : B and
'ty M : B imply B= B’
Proor : By induction on I' =, M : B. O

Generalised pairs In the following we may need tuples of terms a numerable
products of types. Therefore we extend the notation of pairs and product:

For any k > 1, Ay x-- x A = (A1 x Ag) x -+ ) x A,
<|331; PN ;l"ka = <]<]<]x1,x2|>, s |>,$kl>
If all A;’s are the same type A we may write A™ the n-ary product A x --- x A.
We also generalise the projection:
TR(M) = 7y(M) if k> 1
m(M)= M
(M) = 7w (M) if1<i<k

7

Within these notations, the following rules (that generalise the rules xintro and
xelim) are derivable:

Py My Ay - Thp My Ay Dhy, M: Ay x - x Ay,
Dby My, Mg : Ay X -+ X Ay rkpﬂf(M):Ai
Moreover,

M, M) =5 My, and (7E(M), - mE (M) 5 M

B.2 Lambda calculus generated by a CCC.

Cartesian closed categories exactly correspond to simply typed lambda calculus
with pairs [AC03, Sec. 4.4]. Here we formalise the fact that we can use the
language of lambda calculus with pairs to speak about the morphisms and the
objects of a CCC.

In this section, C denotes a Cartesian closed category. In order to mimic the
type notation for the n-ary product, we use the following notation for the objects
of C:

A1 X XAk:((Al XAQ) X) XAk

It is the limit of the discrete diagram A; --- Ay with the projection morphisms
7le, where

1 . . . i _ . o
Trk = 7'['17.--’7'(1 ) Trk frd 7'('17...’7'(1’7-(-2
——
k—1 times k—i times

If £ = 1, the projection morphism is Id4,, and if £ = 0 the k-ary product
is 1, the terminal object.
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B.2. Lambda calculus generated by a CCC.

B.2.1 Definition

The lambda-calculus generated by C consists in adding one atomic term f for
each morphism f of Cand one atomic type A for each object A. We may write [ f 1
for f when the expression of f is too long. It is the Ap-calculus where:

e A={f/fis a morphism of C}.

o Ay ={A/A is an object of C}.

o R={(f.9)/f=9g}0U{ (M dax) / = Ha:A—A )
U{ (ev, Am.ﬂl(az>w2(x)) ev:AxBA—=DB }
U{ (A, Azy.flz,y)) | fiAxC—B )
u{ (figl, Mg (fz)) / f:A=B,g:B=C }
u{ (7, )\amrl(x)) Jiefr2y, m; 1 Ay x Ay — A}
U{({f: 91, A fe, b))/ f:C—= A g:C—B }

o T={(f,BY)/f: A~ B}.

e £ is the symmetric reflexive transitive and contextual closure of

{(BA, A — B)/A, B objects of C} U {([A x B], A x B)/A, B objects of C} .

This calculus is called the Ac¢-calculus. It enjoys the subject reduction prop-
erty (Lem. B.1.3) and uniqueness of type (for typable terms, Lem: B.1.3) since P
is well-designed.

Lemma B.2.1. In the definition of the Ac-calculus, P is well designed.

PRrROOF : We check that for any (M,N) € R, if T' -, M : B then ' b, N : B (the
other points of Def. B.1.1 are trivially true):

If M = f and g = g with f = g : B — C then necessarily A = CB and thus
'y g: A

If M = ev and N = Az.m(2)my(z) with ev : A X BA — B, then necessarily
B = BAXB* = (A x (A — B)) — A. Moreover we can derive

T by Aoy (2)mg(x) : (Ax (A — B)) — A.

IfM = A(f) and N = Axy.fdx,y[), with f : C x A — B, then A(f) is a morphism
of C — B4 and so B = (BA)® = C — A — B. Moreover we can derive

Tk, \zy.fz,y) :C — A= B.
If M = [f,g] and \z.g (fm), with f : A — B and g : B — C then necessarily
B =A— C and we can derive I' =), A\z.g (fz): A — C.
If M =7, and N = Az.m;(z) withm; : Ay X As — A; thenT -, N : A x Ay — A;.

If M = [(f,g)] and N = M. fx,gz) with f : C — A and g : C — B, then
necessarily B = [(A x B)C]. Hence we can derive I' b, \z.{fx, gz : B O
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To any object and any morphism of C correspond respectively a type and a
term of the A¢-calculus. We will see that the converse holds.

Lemma B.2.2. For any type A of the Ac-calculus, there is a unique object A
of C such that A = A’.

PROOF : By structural induction on A. O

In the following we may make the confusion between the object and the type,
and write the object A’ with A too:

A denotes the object A and the type A.

In particular, 1 is the atomic type representing the terminal object of C.

B.2.2 From terms to morphisms

Now we attribute a morphism to each typable term. For any context
I'={xy: A1,...,xp : Ag}, we also write I" the object A; X ... X Ay (in partic-
ular if ' is the empty context, then I' denotes the terminal object 1). Given a
judgement I' -, M : B, the morphism [M | : I' — B is inductively defined in
Fig. B.2. Notice that Lem. B.1.4 ensures that we do not need to specify B in
the notation | M |p. We might also denote this morphism by fy; when there is no
ambiguity concerning the context I'.

Admissible rules Remember that if to morphisms f and g are equal, then
f —p g, by definition of R. We extend the notion of reduction in order to get
the converse.

Definition B.2.1 (Admissible rule)

Given two Ap-terms N and N’, we say that a reduction rule from M to N
is admissible (what we write N —¢ N’) when for any context I' and any
type B,
’.
Ik, N:B . {FI—pN.B,and

fN = fN’

Remark this notion of admissible reduction is contextually closed: a trivial
induction on M ensures that

N ¢ N = Mlz:=N]—¢c M[z:=N'].

Also the admissible rules constitute a rewriting system. The following lemma
shows that they include all reduction rules of the Ap-calculus.

Lemma B.2.3. For any terms M, N such that M —, N, and any context I' and
any type B such that ' =, M : B,

FFPNB a,nd fM:fN'

116



tel-00662500, version 1 - 24 Jan 2012
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I is the context {x1 : A1,...,x : Ax}, and denotes also the object Ay x ... x Ap.

I't,M:B ~  fy=|M|p: I'>B

T l_p Ty . Ai(ax). Then f% = TFlk

,/A=BinC
I+, f: A= B

axy. Then |f|r = (Ir; Almy; f)) : T — BA
(where (my; f): 1 x A — B).
'tk,bM:A TH,A=DB
* T+, M:B
By uniqueness (Lem. B.2.2), types A and B represent the same object in C,
so we use the same morphism fy for I' =, M : B.

subs. By induction, fy : I' — A.

r : App1Fp M B
° Fv iz—i-/\lx.Mkerkil ~5 —intro. By induction, fy : ' x Ay — B.

Then fM:kH-M =A(fu): T — BAk+1,

'+, Mi:By T'k,Msy:B
° Fi (]1M E\/[ ¥ g ><23 2 Lintro. By induction, fy, : I' = B;
A s 2 (for both 7).

Then f4M17M2D = <f1\’127f1\/[2> :F — Bl X BQ'
r-yMm:A—-B TI', N: A
o P T MN B P —elim. By induction, fy : ' — B4
P ' and fy: ' — A.
Then an - <f1\,1’ fN>; ev : F — B.
', M:By xB
° T pr 7TZ(M1) f(BiQ xelim. By induction, fy : ' = B1 X Bo.
Then f”z(M) = fM;7TZ» I — Bz

Figure B.2: From typable terms to morphisms
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PROOF : First, I' k-, N : B by subject reduction (Lem. B.1.3). Then the equality
fu = fx is proved by induction on M.

yiRemark B.2.1 . In terms of binary relations, the previous lemma means that

—p © —¢ .

Moreover, the transitivity of the equality on morphisms ensures that —7 C —¢ .
Hence —; C —¢. Yet, remark that ~, & —¢, since <, £ —¢. For instance,
if -, M; : A; (for i =1 and ¢ = 2), then

|—p <]M1,M2|> :A1 X AQ s and )\:B.QMl,MQDx —>p <|M17M2[> .

However, (M, Ma) /¢ Ax.(My, Ma)x, since \x.{ My, M)z is not typable.

]

The following proposition is quite obvious, but it is a key point in the use of
the syntax of the lambda calculus with pairs to show equalities of morphisms in
a CCC.

Proposition B.2.4. For any objects A, B of C, and any morphisms [ and g
in C[A, B|,

IMeL(P), (f=cM A §g—c M) = f=g. (B.1)

PROOF : First, BA=A - B(=A — B),alsot, f: A— BandF, g: A — B.
Then v, M : A — B and |f|] = |M] = |g|. By definition, it means that
A(my; f) = A(my;9) . Hence my; f = my3;9 : 1 x A — B. Since 7, is an isomorphism
between 1 x A and A (with the inverse (! A, Id)), this implies that f = g. O

Finally, this function from typable terms to morphisms of C is to, some extent,
reversible with the interpretation of morphisms by atomic terms.

Proposition B.2.5. LetT' = {1 : Ay,...,z1 : Ay}. Remember thatT't-, M : B
implies fy = |M|p : T — B . Moreover,

fu =y AzMz; = ()it

The proof relies on the following lemmas, and then proceeds by induction on
the derivation of I' =, M : B.

Lemma B.2.6 (Substitution is composition). Given two morphisms f: C — A
and g : A — B, and two terms M, N, then

z:CH, N: A

{ ’{:g: o = Ak, M:B (B.2)
P [f;9] =) Ax.M[z := N]
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Lemma B.2.7 (Application is evaluation). Given two morphisms f : C — BA
and g : C = A, and two terms M and N, then

C z2:CHM:A—=B
{ g:f :;3]]‘\]4 — z:Chy N: A (B.3)
o [(f,9); ev] =, Ax. M N

The following lemma requires to prove with a trivial induction that
2: AxChpy Mz :=m(2)|[y:=my(2)]: B = 2:C,y: A+, M : B

Lemma B.2.8 (Abstraction is curried form). Given a morphism f : C x A — B
and a term M,

z:C,y: A, M : B

A(f) =) Az Ay M
(B.4)

f —p Az M[x =7y (2)][y = ma(2)] = {

Lemma B.2.9 (Pair is pairing). Given two morphisms f; : C — A; (fori=1,2),
then for any My, Mo,

fi =5 Ax.M;  for both i —

{ x:CkFp M;: B; for both i (B.5)

[(fs9)] = Aw.( My, Ma)
Lemma B.2.10 (Projection is projection). Given a morphism f : C — Bj X Ba,
then for any term M, and any i € {1,2},

f —rp AT.M =

{:c:Cl—pM:leBg (B.6)

[f;.ﬂ'i—| —rp Az (M)

Corollary B.2.11. Given two morphism fi, fo from A; to B; (fori=1,2), then

for any terms My, Mo,

{ f1—>;;)\$M1 {QS‘AH—pMZBZ
f2 = Az M [f1 X fa] =5 Az Mz := 7, (2)], Ma[z := my(2)])

(B.7)
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Index

algebraic type, 23 A -calculus, 30
application (in CR), 41
arrow (on Ay —pers), 65 model
arrow (in CR), 40 classical model, 97
’ Ag-model, 60
candidate
(CR), 34 neutral term, 34
(CR)), 35 hereditarily neutral, 34, 45
!/
(CRy), 36 pairing, 53
data-candidate, 34 per
non-expanded candidate, 37 category PER,, 65

pre-candidate, 37 \g—per, 64

refiuc'ibility candidate, 34 partial equivalence relation, 64
case-binding, 13 PER model. 69
case-commutation, 35 perfect normalisation, 17

case nor'm'al form, 35 point of an object, 54
case-composition, 15 principal reduct, 40

category, 52 categorical product, 53
classical Ag-model, 91 projection, 53

closure operator for (reducibility candi- projection morphism, 53
dates), 37

commuting diagram, 52 reflexive object, 56

constructor, 12

Continuation Passing Style (CPS), 84 strong normalisation, 14
structural measure, 19

Daimon, 12 substitution, 46
data-structure, 13 syntactic model, 69
defined term, 17

diagram (in a category), 52 telescopes, 22

terminal object, 54

t, 54
exponen undefined term, 17

free variable, 13 union (in CR), 42
head normal form, 80 valid typing judgement, 46
hereditarily defined term, 17 valuation, 43
value, 17, 38
intersection (in CR), 42 value of a term, 39
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Abstract

The lambda calculus with constructors (or Ag-calculus) was introduced by Ar-
biser, Miquel and Rios in the early 2000’s as an extension of lambda calculus
with pattern matching features. It decomposes the pattern matching “a la ML”
into a case-analysis on constant constructors (in the spirit of the case instruction
in Pascal), and a commutation rule between case construction and application.
This commutation rule between two different kinds of constructions designs a
surprising computational behaviour, a priori not compatible with usual typing
intuitions. However the whole calculus was proved confluent, and as far as we
know it is the only calculus with pattern matching facilities that enjoys the sep-
aration property (a version of Bohm’s lemma).

In this thesis, we first present the Ag-calculus, and we propose a polymorphic
type system for it. Then we develop a realisability model, based on Girard’s
reducibility candidates. This leads to a strong normalisation result for the typed
calculus. It also guaranties that the type system prevents match failure.

Next we focus on semantics for the untyped Ag-calculus. We start with
defining a generic notion of Ag-models in Cartesian closed categories, that we
show to be sound. We then establish the syntactic model in the category of
partial equivalence relations, and deduce a completeness result from it.

Finally, we consider a translation of the lambda calculus with constructors
into the pure lambda lambda calculus (or well-known variants of it) relying on
continuation passing style techniques. We introduce it throw a stack abstract
machine for Ag-calculus. This abstract machine (Sec. 5.1) can also be taken
as a first presentation of the calculus itself, as it might give some intuitions
about how it computes. After showing the simulation of Ag-calculus by pure
lambda calculus, we come back to categorical models: we use the CPS-translation
to obtain a Ag-model from any continuation model of lambda calculus. There
comes out an equation in categories (in the spirit of lambda calculus characteristic
equation D = DP), whose every solution provides a Ag-model. Resolving this
equation in domains category (using Scott’s construction of D, domain) finally
leads to a non syntactic model of untyped lambda calculus with constructors.
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