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Ugo Dal Lago* Charles Grellois
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Abstract

We introduce a system of monadic affine sized types, which substantially generalise usual
sized types, and allows this way to capture probabilistic higher-order programs which termi-
nate almost surely. Going beyond plain, strong normalisation without losing soundness turns
out to be a hard task, which cannot be accomplished without a richer, quantitative notion
of types, but also without imposing some affinity constraints. The proposed type system is
powerful enough to type classic examples of probabilistically terminating programs such as
random walks. The way typable programs are proved to be almost surely terminating is based
on reducibility, but requires a substantial adaptation of the technique.

1 Introduction

Probabilistic models are more and more pervasive in computer science [1, 2, 3]. Moreover, the
concept of algorithm, originally assuming determinism, has been relaxed so as to allow probabilistic
evolution since the very early days of theoretical computer science [4]. All this has given impetus to
research on probabilistic programming languages, which however have been studied at a large scale
only in the last twenty years, following advances in randomized computation [5], cryptographic
protocol verification [6, 7], and machine learning [8]. Probabilistic programs can be seen as ordinary
programs in which specific instructions are provided to make the program evolve probabilistically
rather than deterministically. The typical example are instructions for sampling from a given
distribution toolset, or for performing probabilistic choice.

One of the most crucial properties a program should satisfy is termination: the execution
process should be guaranteed to end. In (non)deterministic computation, this is easy to formalize,
since any possible computation path is only considered qualitatively, and termination is a boolean
predicate on programs: any non-deterministic program either terminates — in must or may sense
— or it does not. In probabilistic programs, on the other hand, any terminating computation
path is attributed a probability, and thus termination becomes a quantitative property. It is
therefore natural to consider a program terminating when its terminating paths form a set of
measure one or, equivalently, when it terminates with maximal probability. This is dubbed “almost
sure termination” (AST for short) in the literature [9], and many techniques for automatically
and semi-automatically checking programs for AST have been introduced in the last years [10,
11, 12, 13]. All of them, however, focus on imperative programs; while probabilistic functional
programming languages are nowadays among the most successful ones in the realm of probabilistic
programming [8]. Tt is not clear at all whether the existing techniques for imperative languages
could be easily applied to functional ones, especially when higher-order functions are involved.
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In this paper, we introduce a system of monadic affine sized types for a simple probabilistic
A-calculus with recursion and show that it guarantees the AST property for all typable programs.
The type system, described in Section 4, can be seen as a non-trivial variation on Hughes et al.’s
sized types [14], whose main novelties are the following:

— Types are generalised so as to be monadic, this way encapsulating the kind of information we
need to type non-trivial examples. This information, in particular, is taken advantage of when
typing recursive programs.

— Typing rules are affine: higher-order variables cannot be freely duplicated. This is quite
similar to what happens when characterising polynomial time functions by restricting higher-
order languages akin to the A-calculus [15]. Without affinity, the type system is bound to be
unsound for AST.

The necessity of both these variations is discussed in Section 2 below. The main result of this paper
is that typability in monadic affine sized types entails AST, a property which is proved using an
adaptation of the Girard-Tait reducibility technique [16]. This adaptation is technically involved,
as it needs substantial modifications allowing to deal with possibly infinite and probabilistic com-
putations. In particular, every reducibility set must be parametrized by a quantitative parameter
p guaranteeing that terms belonging to this set terminate with probability at least p. The idea of
parametrizing such sets already appears in work by the first author and Hofmann [17], in which a
notion of realizability parametrized by resource monoids is considered. These realizability models
are however studied in relation to linear logic and to the complexity of normalisation, and do not
fit as such to our setting, even if they provided some crucial inspiration. In our approach, the fact
that recursively-defined terms are AST comes from a continuity argument on this parameter: we
can prove, by unfolding such terms, that they terminate with probability p for every p < 1, and
continuity then allows to take the limit and deduce that they are AST. This soundness result is
technically speaking the main contribution of this paper, and is described in Section 6.

1.1 Related Works

Sized types have been originally introduced by Hughes, Pareto, and Sabry [14] in the context of
reactive programming. A series of papers by Barthe and colleagues [18, 19, 20] presents sized types
in a way similar to the one we will adopt here, although still for a deterministic functional language.
Contrary to the other works on sized types, their type system is proved to admit a decidable
type inference, see the unpublished tutorial [19]. Abel developed independently of Barthe and
colleagues a similar type system featuring size informations [21]. These three lines of work allow
polymorphism, arbitrary inductive data constructors, and ordinal sizes, so that data such as infinite
trees can be manipulated. These three features will be absent of our system, in order to focus
the challenge on the treatment of probabilistic recursive programs. Another interesting approach
is the one of Xi’s Dependent ML [22], in which a system of lightweight dependent types allows a
more liberal treatment of the notion of size, over which arithmetic or conditional operations may
in particular be applied. Termination is ensured by checking during typing that a given metrics
decreases during recursive calls. This system is well-adapted for practical termination checking
and can be extended with mutual recursion, inductive types and polymorphism, but does not
feature ordinal sizes. See [21] for a detailed comparison of the previously cited systems. Some
works along these lines are able to deal with coinductive data, as well as inductive ones [14, 18, 21].
They are related to Amadio and Coupet-Grimal’s work on guarded types ensuring productivity of
infinite structures such as streams [23]. None of these works deal with probabilistic computation,
and in particular with almost sure termination.

There has been a lot of interest, recently, about probabilistic termination as a verification
problem in the context of imperative programming [10, 11, 12, 13]. All of them deal, invariably,
with some form of while-style language without higher-order functions. A possible approach
is to reduce AST for probabilistic programs to termination of non-deterministic programs [10].
Another one is to extend the concept of ranking function to the probabilistic case. Bournez and
Garnier obtained in this way the notion of Lyapunov ranking function [24], but such functions
capture a notion more restrictive than AST: positive almost sure termination, meaning that the



program is AST and terminates in expected finite time. To capture AST, the notion of ranking
supermartingale [25] has been used. Note that the use of ranking supermartingales allows to deal
with programs which are both probabilistic and non-deterministic [11, 13] and even to reason
about programs with real-valued variables [12].

Some recent work by Cappai, the first author, and Parisen Toldin [26, 27] introduce type
systems ensuring that all typable programs can be evaluated in probabilistic polynomial time.
This is too restrictive for our purposes. On the one hand, we aim at termination, and restricting
to polynomial time algorithms would be an overkill. On the other hand, the above-mentioned type
systems guarantee that the length of all probabilistic branches are uniformly bounded (by the same
polynomial). In our setting, this would restrict the focus to terms in which infinite computations
are forbidden, while we simply want the set of such computations to have probability 0. In fact,
the results we present in this paper can be seen as a first step towards a type system characterizing
average polynomial time, in the style of implicit computational complexity [?].

2 Why is Monadic Affine Typing Necessary?

In this section, we justify the design choices that guided us in the development of our type system.
As we will see, the nature of AST requires a significant and non-trivial extension of the system of
sized types originally introduced to ensure termination in the deterministic case [14].

Sized Types for Deterministic Programs. The simply-typed A-calculus endowed with a
typed recursion operator letrec and appropriate constructs for the natural numbers, sometimes
called PCF, is already Turing-complete, so that there is no hope to prove it strongly normalizing.
Sized types [14] refine the simple type system by enriching base types with annotations, so as to
ensure the termination of any recursive definition. Let us explain the idea of sizes in the simple,
yet informative case in which the base type is Nat. Sizes are defined by the grammar

s u= i | 00 ] 5
where 1 is a size variable and 5 is the successor of the size s — with 56 = oo. These sizes permit
to consider decorations Nat® of the base type Nat, whose elements are natural numbers of size at
most 5. The type system ensures that the only constant value of type Nat' is 0, that the only
constant values of type Nat' are 0 or 1 = S0, and so on. The type Nat™ is the one of all natural

numbers, and is therefore often denoted as Nat.
The crucial rule of the sized type system, which we present here following Barthe et al. [18],
allows one to type recursive definitions as follows:

I,f:Natt o+ M : Nat' — ofi/i] iposo (1)
Tk letrec f = M : Nat® — ols/i]
This typing rule ensures that, to recursively define the function f = M, the term M taking an

input of size i calls f on inputs of strictly lesser size i. This is for instance the case when typing
the program

Mppr, = letrec f = Az.case x of {S%)\y.SS(f Y) ‘ 0_>0}

computing recursively the double of an input integer, as the hypothesis of the fixpoint rule in a
typing derivation of Mppy, is

f : Nat' — Nat - \z.case z of {S—= XSS (fy) | 0—0}: Nat' — Nat

The fact that f is called on an input y of strictly lesser size i is ensured by the rule typing the
case construction:

Pkaz:Nat  DFAMSS(fy): Nat' —»Nat IO : Nat
I'tcasexof {S—AySS(fy) | 0—0} : Nat




where I' = f : Nat' — Nat, = : Nat'. The soundness of sized types for strong normalization
allows to conclude that Mppr, is indeed SN.

A Naive Generalization to Probabilistic Terms. The aim of this paper is to obtain a
probabilistic, quantitative counterpart to this soundness result for sized types. Note that unlike
the result for sized types, which was focusing on all reduction strategies of terms, we only consider
a call-by-value calculus'. Terms can now contain a probabilistic choice operator &, such that
M &, N reduces to the term M with probability p € R(g 1}, and to N with probability 1 —p. The
language and its operational semantics will be defined more extensively in Section 3. Suppose for
the moment that we type the choice operator in a naive way:

' M:o ' N:o

Choice TFM&,N :o

On the one hand, the original system of sized types features subtyping, which allows some flexibility
to “unify” the types of M and N to o. On the other hand, it is easy to realise that all probabilistic
branches would have to be terminating, without any hope of capturing interesting AST programs:
nothing has been done to capture the quantitative nature of probabilistic termination. An instance
of a term which is not strongly normalizing but which is almost-surely terminating — meaning
that it normalizes with probability 1 — is

Mpias = (Ietrecf = Azx.case x of {S—))\y.f(y)@% (f(SSw))) | 0—>O}) n (2

simulating a biased random walk which, on x = m + 1, goes to m with probability % and to m + 2
with probability % The naive generalization of the sized type system only allows us to type the
body of the recursive definition as follows:

[ i Nat - Nat™ b Ay.f(y) @ (F(SSy)) & Nat — Nat™ (3)

and thus does not allow us to deduce any relevant information on the quantitative termination
of this term: nothing tells us that the recursive call f(SSy) is performed with a relatively low
probability.

A Monadic Type System. Along the evaluation of Mprag, there is indeed a quantity which
decreases during each recursive call to the function f: the average size of the input on which
the call is performed. Indeed, on an input of size i, f calls itself on an input of smaller size i

with probability %, and on an input of greater size i with probability only % To capture such a
relevant quantitative information on the recursive calls of f, and with the aim to capture almost
sure termination, we introduce a monadic type system, in which distributions of types can be used
to type in a finer way the functions to be used recursively. Contexts I' | © will be generated by a
context I' attributing sized types to any number of variables, while © will attribute a distribution
of sized types to at most one variable — typically the one we want to use to recursively define a
function. In such a context, terms will be typed by a distribution type, formed by combining the
Dirac distributions of types introduced in the Axiom rules using the following rule for probabilistic
choice:
rer mM:u e - N:v (uy = (v)

Choice IO,V F MO, N : p®,v

The guard condition (i) = (v) ensures that p and v are distributions of types decorating of the
same simple type. Without this condition, there is no hope to aim for a decidable type inference
algorithm.

1Please notice that choosing a reduction strategy is crucial in a probabilistic setting, otherwise one risks getting
nasty forms of non-confluence [28].



The Fixpoint Rule. Using these monadic types, instead of the insufficiently informative typing
(3), we can derive the sequent

f: {(Nati — Natoo)%, (Nat?—> Nat°0>3} E Ay fly) @2 (f(SSy))) - Nat' — Nat™ (4)

in which the type of f contains finer information on the sizes of arguments over which it is called
recursively, and with which probability. This information enables us to perform a first switch from
a qualitative to a quantitative notion of termination: we will adapt the hypothesis

T, f: Nat' = ok M : Nat' — ofi/i] (5)

of the original fix rule (1) of sized types, expressing that f is called on an argument of size one
less than the one on which M is called, to a condition meaning that there is probability 1 to call
f on arguments of a lesser size after enough iterations of recursive calls. We therefore define a
random walk associated to the distribution type p of f, the sized walk associated to u, and which
is as follows for the typing (4):

— the random walk starts on 1, corresponding to the Size/i\,

— on an integer n+1, the random walk jumps to n with probability % and to n+2 with probability
1
3
— 0 is stationary: on it, the random walk loops.
This random walk — as all sized walks will be — is an instance of one-counter Markov decision
problem [29], so that it is decidable in polynomial time whether the walk reaches 0 with probability
1. We will therefore replace the hypothesis (5) of the letrec rule by the quantitative counterpart

we just sketched, obtaining
{ (Nat® — v[s; /i])" ’ j € J }induces an AST sized walk

TIf: {(Nat = vfs; /i) | j€ T}V : Nat — vfi/i]
', A|OFletrec f = V : Nat' — v[t/i]

letrec

where we omit two additional technical conditions to be found in Section 4 and which justify
the weakening on contexts incorporated to this rule. The resulting type system allows to type a
varieties of examples, among which the following program computing the geometric distribution
over the natural numbers:

Mgxp = (Ietrecf = \u.x EB%S (f x)) 0 (6)

and for which the decreasing quantity is the size of the set of probabilistic branches of the term
making recursive calls to f. Another example is the unbiased random walk

Myng = (Ietrecf = Az.case x of {S—n\y.f(y)ﬂéé (f(SSw)) | 0—>0}) n (7)

for which there is no clear notion of decreasing measure during recursive calls, but which yet
terminates almost surely, as witnessed by the sized walk associated to an appropriate derivation
in the sized type system. We therefore claim that the use of this external guard condition on
associated sized walks, allowing us to give a general condition of termination, is satisfying as it
both captures an interesting class of examples, and is computable in polynomial time.

In Section 6, we prove that this shift from a qualitative to a quantitative hypothesis in the
type system results in a shift from the soundness for strong normalization of the original sized
type system to a soundness for its quantitative counterpart: almost-sure termination.



Why Affinity? To ensure the soundness of 1]
the letrec rule, we need one more structural T
restriction on the type system. For the sized [0] 2 2]
walk argument to be adequate, we must ensure — T
that the recursive calls of f are indeed precisely 2 1] (23 3]
modelled by the sized walk, and this is not the T ‘
case when considering for instance the follow- [2] [2 2 2]
ing term: P
[1] [3 3] :

Myarr = (Ietrec f = Aw.case x of {S = Ay.f(y) @2 (fI8Sy); f(SSy)) | 0— O}) n

(8) 0] [22]
where the sequential composition ; is defined ‘
in this call-by-value calculus as

M; N = (Az.\y.0) M N Figure 1: A Tree of Recursive Calls.

Note that Myapp calls recursively f twice in

the right branch of its probabilistic choice, and

is not therefore modelled appropriately by the sized walk associated to its type. In fact, we would
need a generalized notion of random walk to model the recursive calls of this process; it would be
a random walk on stacks of integers. In the case where n = 1, the recursive calls to f can indeed
be represented by a tree of stacks as depicted in Figure 1, where leftmost edges have probability
% and rightmost ones % The root indicates that the first call on f was on the integer 1. From it,
there is either a call of f on 0 which terminates, or two calls on 2 which are put into a stack of
calls, and so on. We could prove that, without the affine restriction we are about to formulate, the
term M yapp is typable with monadic sized types and the fixpoint rule we just designed. However,
this term is not almost-surely terminating. Notice, indeed, that the sum of the integers appearing
in a stack labelling a node of the tree in Figure 1 decreases by 1 when the left edge of probability
% is taken, and increases by at least 3 when the right edge of probability % is taken. It follows
that the expected increase of the sum of the elements of the stack during one step is at least
—1x % + 3 x % = % > (0. This implies that the probability that f is called on an input of size 0
after enough iterations is strictly less than 1, so that the term Myapp cannot be almost surely
terminating.

Such general random processes have stacks as states and are rather complex to analyse. To
the best of the authors’ knowledge, they do not seem to have been considered in the literature.
We also believe that the complexity of determining whether 0 can be reached almost surely in
such a process, if decidable, would be very high. This leads us to the design of an affine type
system, in which the management of contexts ensures that a given probabilistic branch of a term
may only use at most once a given higher-order symbol. We do not however formulate restrictions
on variables of simple type Nat, as affinity is only used on the letrec rule and thus on higher-
order symbols. Remark that this is in the spirit of certain systems from implicit computational
complexity [15, 30].

Another restriction imposed by this reduction of almost-sure termination checking for higher-
order programs to almost-sure termination checking for one-counter Markov decision processes is
the fact that we do not allow a general form of nested recursion. This restriction is encoded in the
system by allowing at most one variable to have a distribution of types in the context. It follows
that programs making use of mutual recursion can not be typed in this system.

3 A Simple Probabilistic Functional Programming Language

We consider the language Ag, which is an extension of the A-calculus with recursion, constructors
for the natural numbers, and a choice operator. In this section, we introduce this language and
its operational semantics, and use them to define the crucial notion of almost-sure termination.



Terms and Values. Given a set of variables X, terms and values of the language \g, are defined
by mutual induction as follows:

Terms: M,N,... == V |VW |letx =MinN | M&,N
| case Vof {S—»W | 02}

Values: VW, Z, ... n= x | 0 | SV } Ax.M | letrec f = V

where x, f € X, p €]0,1[. Whenp = %, we often write @ as a shorthand for SZE The set of terms

is denoted Ag and the set of values is denoted Ag. Terms of the calculus are assumed to be in
A-normal form [31]. This allows to formulate crucial definitions in a simpler way, concentrating in
the Let construct the study of the probabilistic behaviour of terms. We claim that all traditional
constructions can be encoded in this formalism. For instance, the usual application M N of two
terms can be harmlessly recovered via the encoding let x = M in (lety = N inz y). In the

sequel, we write ¢ 7 when a value may be either 0 or of the shape S V.

Term Distributions. The introduction of a probabilistic choice operator in the syntax leads to
a probabilistic reduction relation. It is therefore meaningful to consider the (operational) semantics
of a term as a distribution of values modelling the outcome of all the finite probabilistic reduction
paths of the term. For instance, the term Mgxp defined in (6) evaluates to the term distribution
assigning probability QH% to the value n. Let us define this notion more formally:

Definition 1 (Distribution) A distribution on X is a function 9 : X — [0,1] satisfying
the constraint ) 2 = Y .x P(x) < 1, where ) P is called the sum of the distribution
9. We say that 2 is proper precisely when >, 9 = 1. We denote by P the set of all dis-
tributions, would they be proper or not. We define the support S(2) of a distribution 2 as:
S(2) ={zeX | P(x)>0}. When S(2) consists only of closed terms, we say that 7 is a
closed distribution. When it is finite, we say that & is a finite distribution. We call Dirac a
proper distribution 2 such that S(2) is a singleton. We denote by 0 the null distribution, map-
ping every term to the probability 0.

When X = Ag, we say that Z is a term distribution. In the sequel, we will use a more practical
notion of representation of distributions, which enumerates the terms with their probabilities as
a family of assignments. For technical reasons, notably related to the subject reduction property,
we will also need pseudo-representations, which are essentially multiset-like decompositions of the
representation of a distribution.

Definition 2 (Representations and Pseudo-Representations) Let € P be of support {ml
where x; = x; implies i = j for every i,j € Z. The representation of & is the set 9 =
{m?(mi) | i€ I} where xi@(‘m is just an intuitive way to write the pair (x;, 2(x;)). A pseudo-
representation of & is any multiset [y;?j ’ JjE J] such that

Vied, y;j €S(2) VieZ, D)= > p;

Y=

| ieI},

By abuse of notation, we will simply write 9 = [y?j ‘ J € j] to mean that 2 admits [yfj ’ JjEe J]

as pseudo-representation. Any distribution has a canonical pseudo-representation obtained by sim-
ply replacing the set-theoretic notation with the multiset-theoretic one.

Definition 3 (w-CPO of distributions) We define the pointwise order on distributions over X
as
28 if and only if Ve e X, D(z)<E(x).

This turns (P, <) into a partial order. This partial order is an w-CPO, but not a lattice as the
join of two distributions does not necessarily exist. The bottom element of this w-CPO is the null
distribution 0.



Definition 4 (Operations on distributions) Given a distribution 2 and a real number o < 1,
we define the distribution a - P as x — a - D(x). We similarly define the sum P + & of two
distributions over a same set X as the function x — Z(x) + &(x). Note that this is a total op-
eration on functions X — R, but a partial operation on distributions: it is defined if and only
S P2+>. 8 < 1. When 2 < &, we define the partial operation of difference of distributions
& — D as the function Vi E(V)—2(V). We naturally extend these operations to representations
and pseudo-representations of distributions.

Definition 5 (Value Decomposition of a Term Distribution) Let 2 be a term distribution.

We write its value decomposition as ¥ 2 Dy + D1, where D)y is the mazimal subdistribution
of 2 whose support consists of values, and D = 9 — D)y is the subdistribution of “non-values”
contained in 9.

Operational Semantics. The semantics of a term will be the value distribution to which it
reduces via the probabilistic reduction relation, iterated up to the limit.  As a first step, we
define the call-by-value reduction relation —,C P x R*® on Figure 2. The relation —, is in fact
a relation on distributions:

Lemma 1 Let & be a distribution such that 9 —, &. Then & is a distribution.

Note that we write Dirac distributions simply as terms on the left side of —,,, to improve readabil-

ity. As usual, we denote by —" the n-th iterate of the relation —,, with — being the identity

relation. We then define the relation =7 as follows. Let 9 —7 & b Sy +&p. Then I =7 &y .

Note that, for every n € N and 2 € P, there is a unique distribution & such that ¥ —7 &.
Moreover, &}y is the only distribution such that 2 =7 &y .

Lemma 2 Let n,m € N with n < m. Let 9, (resp D) be the distribution such that M —7 D,
(resp M =7 Dy, ). Then Dy < D

Lemma 3 Let n,m € N with n < m. Let 9, (resp D) be the distribution such that M =7 9,
(resp M =7 Dy, ). Then Dy < D

Definition 6 (Semantics of a Term, of a Distribution) The semantics of a distribution 2
is the distribution [2] = sup,cy ({Zn ‘ 2 =" 9,}). This supremum exists thanks to
Lemma 3, combined with the fact that (P, %) is an w-CPO. We define the semantics of a term
Mas[M] = [{M'}].

Corollary 1 Let n € N and 9, be such that M =7 9,,. Then 2, < [M].

We now have all the ingredients required to define the central concept of this paper, the one of
almost-surely terminating term:

Definition 7 (Almost-Sure Termination) We say that a term M is almost-surely terminat-
ing precisely when > [M] = 1.

Before we terminate this section, let us formulate the following lemma on the operational
semantics of the let construction, which will be used in the proof of typing soundness for monadic
affine sized types:

Lemma 4 Suppose that M =7 [V’” | 1€ I] and that, for every i € T, N[V;/x]| =T &;. Then
letz = Min N=0tmHly pi-&.

Proof. Easy from the definition of =, and of —, in the case of let. O



letz = Vin M —, {(M[V/x})l} Ae.M) V=, {(M[V/x])l}

M @, N —, {MP, N7}

M —, {LV']ieT}
letx = MinN —, {(etz = L;inN)" | icT}

case SVof (SoW | 052} —, {(WV)l}

case Oof {S—W | 02} —, {(Z)l}

_>

(letrec f = V) (c W) —y {(V[(Ietrecf = V)/f] (c W))l}

2 2 AMY | jeTY+ Dy Vied, M; -, &

7 0 (Syeapi &)+ v

Figure 2: Call-by-value reduction relation —,, on distributions.

4 Monadic Affine Sized Typing

Following the discussion from Section 2, we introduce in this section a non-trivial lifting of sized
types to our probabilistic setting. As a first step, we design an affine simple type system for Ag.
This means that no higher-order variable may be used more than once in the same probabilistic
branch. However, variables of base type Nat may be used freely. In spite of this restriction,
the resulting system allows to type terms corresponding to any probabilistic Turing machine. In
Section 4.2, we introduce a more sophisticated type system, which will be monadic and affine, and
which will be sound for almost-sure termination as we prove in Section 6.

4.1 Affine Simple Types for \;

The terms of the language Ag can be typed using a variant of the simple types of the A-calculus,
extended to type letrec and @, but also restricted to an affine management of contexts. Recall
that the constraint of affinity ensures that a given higher-order symbol is used at most once
in a probabilistic branch. We define simple types over the base type Nat in the usual way:
Kk, k', ... == Nat ‘ k — k' where, by convention, the arrow associates to the right. Contexts
', A, ... are sequences of simply-typed variables x :: k. We write sequents as I' - M :: & to
distinguish these sequents from the ones using distribution types appearing later in this section.
Before giving the rules of the type system, we need to define two policies for contracting contexts:
an affine and a general one.

Context Contraction. The contraction I'U A of two contexts is a non-affine operation, and is
partially defined as follows:

ez keET\A = z:reTUA,



Var I' - Vo Nat

ek Fxziok T E SV - Nat I' F 0 :: Nat
A\ Lxowk B M:aw IV ik—wK AE Wk App
I' - MaM :: k— & FTgA VW w

I' - M : kK AF Nk
TruA +- M@,N = &

Choice

I'EM & Az kN K
F'"Akletr = MinN :: &

Let

'V :: Nat AFW :: Nat — & AFZ i Kk
F'dAtcase Vof {S—>W | 02} =k

Case

I faNat—kEV = Nat— & Ve eI, x : Nat
T'Fletrec f = V = Nat = &

letrec

Figure 3: Affine simple types for Ag.

ez kReA\T = z:relTUA,
eifr:kelandz = kK €A,
—ifk =K,z rkeTUA,
— else the operation is undefined.

This operation will be used to contract contexts in the rule typing the choice operation @,: indeed,
we allow a same higher-order variable f to occur both in M and in N when forming M &, N, as
both terms correspond to different probabilistic branches.

Affine contraction of contexts. The affine contraction I' W A will be used in all rules but the
one for @,. It is partially defined as follows:

ez kel'\A = zurelTWA,
ez keEA\T = v urkelTWA,
eifr kel andz : K € A,

—ifk =k = Nat,z : ke TWA,

— in any other case, the operation is undefined.

As we explained earlier, only variables of base type Nat may be contracted.

The Affine Type System. The affine simple type system is then defined in Figure 3. All
the rules are quite standard. Higher-order variables can occur at most once in any probabilistic
branch because all binary typing rules — except probabilistic choice — treat contexts affinely. We
set AY (D,k) = {VeAY | THV :k}and Ag(T,k) = {M€Ag | THM = s} We
simply write AY (k) = AY¥ (0,k) and Ag (k) = Ag (0,x) when the terms or values are closed.
These closed, typable terms enjoy subject reduction and the progress property.

10



ineg o i pos p VieZ, iposo;

T Nat5

i pos Nat iposo— ipos {ol" | ieT}
i¢s i pos o ineg VieZ, inego;

i neg Nat® inego —pu ineg {o" | icZ}

Figure 4: Positive and negative occurrences of a size variable in a size type.

4.2 Monadic Affine Sized Types

This section is devoted to giving the basic definitions and results about monadic affine sized types
(MASTS, for short), which can be seen as decorations of the affine simple types with some size
information.

Sized Types. We consider a set S of size variables, denoted i, j, ... and define sizes (called
stages in [18]) as:
s,t on= i] oo | 3§

~ . . . ~ =, 2
where ~ denotes the successor operation. We denote the iterations of - as follows: s is denoted s,

5 is denoted 3 ,and so on. By definition, at most one variable i € S appears in a given size s. We
call it its spine variable, denoted as spine (s). We write spine (s) = () when there is no variable in
5. An order < on sizes can be defined as follows:

st =t — -
5#t §X S 500

55

Notice that these rules imply notably that o0 is equivalent to oo, i.e., 30 < oo and oo < 50. We
consider sizes modulo this equivalence. We can now define sized types and distribution types by
mutual induction, calling distributions of (sized) types the distributions over the set of sized types:

Definition 8 (Sized Types, Distribution Types) Sized types and distribution types are de-
fined by mutual induction, contextually with the function (-) which maps any sized or distribution
type to its underlying affine type.

Sized types: o, T u= o= ’ Nat®
Distribution types: pv u= {of | iel},
Underlying map: (c—=p) = (o)—={w
(Nat®) = Nat
o' [ ieZh) = (o)

For distribution types we require additionally that )., p; < 1, that T is a finite non-empty set,
and that (o;) = (o;) for every i,j € I. In the last equation, j is any element of L.

The definition of sized types is monadic in that a higher-order sized type is of the shape ¢ — p
where o is again a sized type, and u is a distribution of sized types.

The definition of the fixpoint will refer to the notion of positivity of a size variable in a sized
or distribution type. We define positive and negative occurrences of a size variable in such a type
in Figure 4.

Contexts and Operations on Them. Contexts are sequences of variables together with a
sized type, and at most one distinguished variable with a distribution type:

Definition 9 (Contexts) Contexts are of the shape T'|©, with

Sized contexts: ra... == 0| z:07T (z ¢ dom(T))
Distribution contexts: 0,9, ... == 0| xz:p

11



As usual, we define the domain dom(T) of a sized context T' by induction: dom(®) = @ and
dom(z : 0,T) = {z} & dom(T"). We proceed similarly for the domain dom(©) of a distribution

context ©. When a sized context ' = x1 : 01, ...,z : 0, (n > 1) is such that there is a simple
type k with Vi € {1, ..., n}, (0;) = K, we say that T is uniform of simple type k. We write this
as (T') = k.

We write T'; A for the disjoint union of these sized contexts: it is defined whenever dom(I') N
dom(A) = 0. We proceed similarly for ©, ¥, but note that due to the restriction on the cardinality
of such contexts, there is the additional requirement that © = () or ¥ = (.

We finally define contexts as pairs I' | © of a sized context and of a distribution context, with
the constraint that dom(T') N dom(0) = 0.

Definition 10 (Probabilistic Sum) Let p and v be two distribution types. We define their
probabilistic sum p ®p v as the distribution type p -+ (1 —p) - v. We extend this operation to a
partial operation on distribution contexts:

— For two distribution types p and v such that (u) = (v), we define (z : p) &y (x 1 v) = x:
m Dp v,

— @ m ey = zipo,

—0@p (@:p) = z:(1-p)pu

— In any other case, the operation is undefined.

Definition 11 (Weighted Sum of Distribution Contexts) Let (©;),.; be a non-empty fam-
ily of distribution contexts and (p;);c7 be a family of reals of [0,1]. We define the weighted sum
ZieI p; - ©; as the distribution context x : ZieI pi - i when the following conditions are met:

1. 3z, Viel, 0, = x : u,
2. V(i,j) € I%, (©:) = (©;),
8. and ) .7 pi <1,

In any other case, the operation is undefined.

Definition 12 (Substitution of a Size Variable) We define the substitution s[t/i] of a size
variable in a size as follows:

—

ie/i] =« e/ = ooft/i] = oo s[e/i] = sft/i]

where 1 # 3. We then define the substitution o[s/i] (resp. u[s/i]) of a size variable i by a size s in
a sized or distribution type as:

(0= n)ls/i] = ols/i] = ps/i] (Nat®) [¢/i] = Nat*/!

({ol" | ieZ})s/i] = {(ouls/i)"" | i€T}

We define the substitution of a size variable in a sized or distribution context in the obvious way:
Ols/i] = 0 (z :0,0)[s/i] = =z : ols/i], [|s/i]

(@:p)ls/i] = o pls/i]

Lemma 5
(e n)[sf] = uls/i @, vlsi
2. For distribution contexts, (© @, ¥)[s/i] = O[s/i]®, ¥[s/i]
3. For distribution contexts, (3,7 pi- L) [s/i] = Y.ez pi-Tils/i]

12



Proof. 1. Let p = {Uf; ‘ iEI}andV: {Tfj ‘ jej}. Then

us/t Gp v
o | zeI b s/ @p{ 7! |jej}[s/i]
(i[5 /i])P* | zeI}GB (5]s/i])" ‘ ]ej}
= [(015/1 ppl | ZGI:|+[(T] ))-Pe | jEJ]
- ([ ppl | ’LEI:| { )(1 2 | jGJ])[ﬁ/l]

= (W®pv)[s/i]

2. Suppose that © = 2 : pandthat V. = z : v. Then® @, ¥V = z : p@,v. It follows from
(1) that ©]s/i] &, Wls/i] = @ : uls/i] &, vlsfi] = @ : (@, v)[s/i] = (O, V) [s/i

3. The proof is similar to the previous cases.

A subtyping relation allows to lift the order < on sizes to monadic sized types:

Definition 13 (Subtyping) We define the subtyping relation T on sized types and distribution
types as follows:

st TCo nwCv
oLo Nat® C Nat® c—u C 1=V

f:T—T, Vi€l o C 1) and (Vjej, Yier) Pi gp;)

{op | iezyc {7 | jeT}

Sized Walks and Distribution Types. As we explained in Section 2, the rule typing letrec
in the monadic, affine type system relies on an external decision procedure, computable in poly-
nomial time. This procedure ensures that the sized walk — a particular instance of one-counter
Markov decision process (OC-MDP, see [29]), but which does not make use of non-determinism —
associated to the type of the recursive function of interest indeed ensures almost sure termination.
Let us now define the sized walk associated to a distribution type pu. We then make precise the
connection with OC-MDPs, from which the computability in polynomial time of the almost-sure
termination of the random walk follows.

Definition 14 (Sized Walk) Let Z Cg, N be a finite set of integers. Let {p;},.; be such that
Yier Pi < 1. These parameters define a Markov chain whose set of states is N and whose
transition relation is defined as follows:
— the state 0 € N is stationary (i.e. one goes from 0 to 0 with probability 1),
— from the state s +1 € N one moves:

— to the state s + i with probability p;, for every i € I;

— to 0 with probability 1 — (3",c7 pi).
We call this Markov chain the sized walk on N associated to (I, (pi)ieI)' A sized walk is almost
surely terminating when it reaches 0 with probability 1 from any initial state.

Notably, checking whether a sized walk is terminating is relatively easy:

Proposition 1 (Decidability of AST for Sized Walks) It is decidable in polynomial time whether
a sized walk is AST.

Proof. See Section 4.3. O
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Definition 15 (From Types to Sized Walks) Consider a distribution type i = { (Nat® — ;)" | j€ J}
such that Vj € J, spine (s;) = i. Then u induces a sized walk, defined as follows. First, by defi-

nition, s; must be of the shape?cj with k; >0 for every j € J. We setZ = {kj | j e j} and

qk; = pj for every j € J. The sized walk induced by the distribution type y is then the sized walk

associated to (Z,(qi)icz))-

) 3 ~2 3
Example 1 Let p = { (Nat' — Nat°°) °, (Nat1 — Nat°°> } Then the induced sized walk

is the one associated to ({0,2}, (po = %, p2 = %)) In other words, it is the random walk on N
which s stationary on 0, and which on non-null integers © + 1 moves to © with probability %, to
i+ 2 with probability %, and jumps to O with probability %. Note that the type i, and therefore
the associated sized walk, models a recursive function which calls itself on a size lesser by one unit
with probability %, on a size greater by one unit with probability %, and which does not call itself
with probability .

Typing Rules. Judgements are of the shape I'|© - M : u. When a distribution p = {01 }
is Dirac, we simply write it 0. The type system is defined in Figure 5. As earlier, we define
sets of typable terms, and set AgB’V T'6,0) = {V | T|0FV :0}, and A5 (T|O,n) =
{M | T|©F M : u}. We abbreviate A% (0]0,0) as A3" (0) and A% (00, 0) as A% (o).

This sized type system is a refinement of the affine simple type system for Ag: if z
Oly eooy Tp : On|f : ph M ¢ v, then it is easily checked that a1 :: (01), ..., Tyt {on), [ =
(uy b M = (v).

Lemma 6 (Properties of Distribution Types)
-T|OFV :p = pis Dirac
- T|OF-M :pn = pis proper.

Proof. Immediate inspection of the rules. O

4.3 Proof of Proposition 1

We now prove Proposition 1 by reducing sized walks to deterministic one-counter Markov decision
processes (DOC-MDPs), and using then a result of [29] to conclude. Please note that in [29]
the Markov decision processes are more general, as they allow non-determinism. They are called
one-counter Markov decision processes (OC-MDPs), and contain in particular all the DOC-MDPs.
We omit this feature in our presentation.

Definition 16 (Markov Decision Process) A Markov decision process (MDP) is a tuple (V,—, Pr)
such that V' is a finite-or-countable set of vertices, — C V XV is a total transition relation, and Pr

is a probability assignment mapping each v € V' to a probability distribution associating a rational
and non-null probability to each edge outgoing of v. These distributions are moreover required to
sum to 1.

Definition 17 (Deterministic One-Counter Markov Decision Process) A deterministic one-
counter Markov decision process (DOC-MDP) is a tuple (Q, §=0,6>0 p=0 P>0) such that:

e ( is a finite set of states,

¢ 70 CQx{0,1}xQ and 5”° C Q x {—1,0,1} x Q are sets of zero and positive transitions,
satisfying that every q € Q has at least a zero and a positive outgoing transition,

o P70 (resp. P>°)is a probability assignment mapping every q € Q to a probability distribution
over the outgoing transitions of 6=° (resp. 67°) from q. These distributions are required to
attribute a non-null, rational probability to every outgoing transition, and to sum to 1.

14



Var Fz:0|®@ Fz:0 Fz:okxz:o Var

I'|® + V : Nat®

Suce 3 rle F 0: Nat' rero
T + SV : Nat* :
\ Fz:0|®F M:pu T+ M:p w v Sub
ek xeM:o0-—pu r'er M:v b

LA FV:io—yu LE|vFEW:o (I') = Nat

A
bp ILAEO,U FVW:u
rer M:pu ' FN:v (uy = (v)
Choice
roee,¥ - M@, N : u®,v
T,AlO@FM: {o? | ieT}  (I) = Nat
C T AE0, Sy pi V) Fleta = Min N : Yy pi- i
. T|0FV :Natt  A|OFW :Nat® 5pu  A|OFZ:p
ase I'NA|OFcase Vof {S>W | 02} :p
(T') = Nat
i¢ T and i positive in v and Vj € J, spine(s;) = i
{ (Nat* — v[s; /i)’ | j € J }induces an AST sized walk
DI f: {(Nat = vfs; /)" | jeT}FV : Nat — vfi/i]
letrec

[ A|©Fletrec f = V : Nat® — v[t/i]

Figure 5: Affine distribution types for Ag.

Definition 18 (Induced Markov Decision Process) A DOC-MDP (Q75:0,5>0,P:0,P>0) in-
duces a MDP (Q x N,—, Pr) such that, for ¢ € Q and n € N:

e for every state ¢’ such that (g, m,q') € §=°, (¢,0) — (¢’,m), and the probability of this
transition is the one attributed by P=°(q) to the transition (q,m,q’),

e and for every state ¢’ such that (qg,m,q") € 6°°, (¢,n) — (¢',n +m), and the probability of
this transition is the one attributed by P>°(q) to the transition (q,m,q’),

This MDP is said to terminate when it reaches the value counter 0 in any state ¢ € Q.

Recall that, by definition, |m| < 1. This is the only restriction to overcome (using intermediate
states) to encode sized walks in DOC-MDPs, so that the MDP they induce coincide with the
original sized walk. We will then obtain the result of polynomial time decidability of termination
with probability 1 using the following proposition:

Proposition 2 ([29], Theorem 4.1) It is decidable in polynomial time whether the MDP in-
duced by an OC-MDP — and thus by a DOC-MDP — terminates with probability 1.

We now encode sized walks as DOC-MDPs:
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Definition 19 (DOC-MDP Corresponding to a Sized Walk) Consider the sized walk on N
associated to (Z, (pi)iez)' We define the corresponding DOC-MDP (Q,5:0,5>0,P:0,P>0) as
follows. Let us first consider the following set of states:

Q:{QOLaqzero} ) {Q1,~~~,Qj—2 | j:IHaX{iGI | 122}}

where q,, is the “main” state of the DOC-MDP and the other ones will be used for encoding
purposes. We define the transitions of 6>° as follows:

e we add the transition (qzero, —1, Qzero) with probability 1,

e for every j € {2, ..oomax{i €T ’ i>2}— 2}, we add the transition (¢;,1,q;—1) with prob-
ability 1,

e we add the transition (q1,1, q,) with probability 1,

o foriecZInd0,1,2}, we add the transition (qu,i — 1,qs) and attribute it probability p;,

e forieI\{0,1,2}, we add the transition (qa,1,q;—2) and attribute it probability p;,

o if 1 — (Ziel pi) > 0, we add the transition (qa, —1, Gzero) with probability 1 — (EieI pi).

Finally, we define 6=° as follows: for every state q € Q, we add the transition (q,0,q) and attribute
it probability 1.

It is easily checked that, by construction, these DOC-MDP induce the same Markov decision
processes as sized walks:

Proposition 3 The sized walk on N associated to (I, (pi) ) coincides with the induced MDP of

the corresponding DOC-MDP.

€L

This allows us to deduce from the result of [29] the polynomial time decidability of AST for
sized walks:

Corollary 2 (Proposition 1) It is decidable in polynomial time whether a sized walk is almost-
surely terminating.

5 Subject Reduction for Monadic Affine Sized Types.

The type system enjoys a form of subject reduction adapted to the probabilistic case and more
specifically to the fact that terms reduce to distributions of terms. Let us sketch the idea of this
adapted subject reduction property on an example. Remark that the type system allows us to

derive the sequent
1 1
Q]W)FO@O:{(Nat5)2,(Nat“)2} 9)

where this distribution type is formed by typing a copy of 0 with Nat® and the other with Nat'.
Then, the term 0 @ 0 reduces to { 02 } + { 02 } = {01 } = [0@ 0]: the operational semantics

collapses the two copies of 0 appearing during the reduction. However, in the spirit of the usual
subject reduction for deterministic languages, we would like to type the two copies of 0 appearing
during the reduction with different types. We therefore use the notion of pseudo-representation:

[O%,O%} is a pseudo-representation of [0 @ 0], and we attribute the type Nat® to the first ele-

ment of this pseudo-representation and the type Nat® to the other, obtaining the following closed

distribution of typed terms:
1 1
{(o : Nat5)2 7 (0 : Natt)2 } (10)
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We can then compute the average type of (10), which we call the expectation type of this closed
distribution of typed terms:

)} )} - () )

Remark that it coincides with the type of the initial term (9). This will be our result of subject
reduction: when a closed term M of distribution type p reduces to a distribution & of terms, we
can type all the terms appearing in a pseudo-representation of & to obtain a closed distribution
of typed terms whose expectation type is u. Let us now introduce the definitions necessary to the
formal statement of the subject reduction property.

Definition 20 (Distributions of Distribution Types, of Typed Terms) — A distribution
of distribution types is a distribution & over the set of distribution types, and such that
wveS(7) = (u) = (v).

— A distribution of typed terms, or typed distribution, is a distribution of typing sequents which
are derivable in the monadic, affine sized type system. The representation of such a distribution
has thus the following form: { (T;]1©; = M; = )" | i€ I} . In the sequel, we restrict to the
uniform case in which all the terms appearing in the sequents are typed with distribution types
of the same fized underlying type. We denote this unique simple type k as (7}

— A distribution of closed typed terms, or closed typed distribution, is a typed distribution in
which all contexts are 0| (). In this case, we simply write the representation of the distribution
as { (M; @ p)" ’ i€}, or even as (M; : p;)"" when the indexing is clear from context.
We write pseudo-representations in a stmilar way.

— The underlying term distribution of a closed typed distribution { (M; = p)* | 1€ I} is the
distribution { (M;)"" | ieTI}.

Definition 21 (Expectation Types) Let (M; : p;)"" be a closed typed distribution. We define
its expectation type as the distribution type E ((M; : p;)"") = Y ier Dilki-

Lemma 7 FExpectation is linear:
o E((M: s )" + (N v)" ) = E((OM; = p)") +E (N, = 0)"),

o E ((Mi : Hz‘)pp;> =p-E ((Mi : Ni)p;)-

5.1 Subtyping Probabilistic Sums

Lemma 8 (Subtyping Probabilistic Sums) Suppose that ) (v$,€) = 1 and that v, € C p.
Then there exists v’ and & such that p = V' &, &', v C V', and that £ T &'. Note that this implies
that S(V') US(E') = S(u).

Proof. Let v = {Upé | iEZ} and ¢ = {T;Jj | je j}. We assume, without loss of

3

generality, that Z and J are chosen in such a way that, setting X = 7N J,
E'(i,j)GIXj, o = Tj <= ZZJGIC
It follows that
vape = {oa" [ien\k} + {477 | jegk} + {H | ek
Set p = {Gf;// | lec } Since v @, E C pand Y (v @, &) = 1, there exists a decomposition

uo= {Gf”’/" | iEI\IC} " [eél—p)p}' | jej\lC} I [esz(l—p)pif | k:GIC}
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(note that the supports of these distributions may have a non-empty intersection), and this de-
composition is such that Vi € Z, o; C 6; and Vj € J, 7; C 6;. We define v/ = {Gfi ’ 1€ I}

and ¢ = {9? | je j} which satisfy v C v/ and £ T &’ but also, by construction, p = v/&,¢’.
]

Corollary 3 Suppose that p = Y .7 pi-pi is a distribution such that p C v and that )7 p = 1.
Then there exists a family (v;) of distributions such that v = Y, 7 p; - v; and that, for all
1 €L, pi T

i€l

Note that the requirement that > pu = 1 is not necessary to obtain this result, although it
simplifies the reasoning.

5.2 Generation Lemma for Typing
Lemma 9 (Generation Lemma for Typing)

1. 0|0Fletz = VinN:p = 3I(v,o0), 0|0FV :candz : o|0FN : vandv C pu.
P +-FVWwW:p = 3Fo), 00 FV:icovandd|0 - W:oandv T pu.
00 F XaeM:0-p = 3Iwn), z:7|0F M:vando CT7 and v C p.

DI0FM @, N:p = 3w, O|0FM :vandD|[0F-N : §with) (rd,§) =1
and v ©p E T pand (p) = (v) = (§).

5 0/0Fletz = MinN:v = 3(Z,(00);e1> Pi)ier (Wi)iez) such that
® > icr Pi i Ev,
o > (Xier pivmi) = 1L,
e 0|0FM : {oF | iel},
eViceZ, w:o;|0FN : .

6. )|0Fcase Vof {S—-W | 02} :p = E(E,V)suchthatm@FV:Natgand
DIO-W : Nat® v and0|0F Z : v with v E p.
7. 0|0k letrec f =V :p = 3<(pj)j€j,(sj)j€j,i) such that

e Nat® — v[t/i] C p,
Vj e J, spine(s;) =i,
i ¢ T andi positive in v,

{(Nat*™ — v[s; /i)’ | jeJ}induces an AST sized walk,
01f : {(Nat — vfs; /)" | jeTIFV : Nat' — vfi/i

Proof. By inspection of the rules, the key point being that the subtyping rule is the only one
which is not syntax-directed, and that by transitivity of C we can compose several successive
subtyping rules. In case (5), we have > (3 ,c7 pi-pi) = 1 since it appears that 0|0+ let z =
M in N : ZiGI p; - 14;- Lemma 6 allows then to conclude that this distribution of types has sum
1. O
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5.3 Value Substitutions

Definition 22 (Context Extending Another) We say that a context A |V extends a context
T'|© when:

o foreveryx : o €', we have x : 0 € A.
e and either © = () or © = 0.

In other words, A |V extends I'| © when there ezists E and @ such that A = T, E and ¥ = O, ®.

Lemma 10 Let M be a closed term such that T'|© = M : u. Then for every context A| ¥
extending I' | ©, we have A| U+ M : pu.

Proof. We proceed by induction on the structure of M. We set A = I', Zand ¥ = O, o.
e If M = z is a variable, the result is immediate.
o If M = 0, the result is immediate.

o If M = SV, we have by typing rules that o = Nat® and that T |© F V : Nat®. By induction
hypothesis A | ¥ F V' : Nat® from which we conclude using the typing rule for S.

e If M = Mx.N,wehavec =7 > pand ',z : 7 |©F N : pu. By definition, A,z : 7 | ¥
extends ',z : 7 | © so that we have A,z : 7 |¥ F N : u. The result follows using the
Lambda rule.

If M = letrec f = V, the typing rule is of the shape
<F1> = Nat
i¢ Ty and i positive in v and Vj € 7, spine(s;) = i
{ (Nat*> — v[s;/i})’” | j € J }induces an AST sized walk
Tyl f o {(Nat® = ofs; /)" | je T}V : Nat — vfi/i]
'y, T2| Ok letrec f = V : Nat® — v[t/i]

letrec

Let A = Ay, Ay with A; the maximal subcontext consisting only of variables of affine type
Nat. Then
Arlf o {(Nat¥ = vls; /i) | jeT}

extends
Tyl f: {(Nat% = v[s; /i)™ | jeT}

so that by induction hypothesis Ay | f : {(Nat™ — v[s;/i)" | jeT} FV : Nat' —

~

v[i/i] so that we can conclude using the letrec rule again that

Ay, Ao |V Fletrec f = V : Nat® — v[e/i].

o If M = V W, the typing derivation provides contexts such that I' = I'y, I'y, I's and that
O = 01,0 with I'1,T2|©01 FV : 06 - pand I'1, 5|02 F W : 0. By induction
hypothesis, I'1, T's, 2|02, ® = W : o from which we conclude using the App rule.

o If M =letx = N in L, the typing derivation provides contexts such that I' = T'y, I's, I's
and that © = @1, Eiel pi - @271' with Fl, F2|@1 M : {Ufl | iEI} and Fl, F3, T
0;|©2,; F N : p;. By induction hypothesis, I'1, I'y, 2|01, & - M {afi ‘ 1€ I} from
which we conclude using the Let rule.

19



e If M =N&,L, then©® = 0:8,0, with['|©; - M : pandT'|©y + N : v. By applying
induction hypothesis twice, we obtain T, 2|01, ® - M : pand [, ZE|02, @ - N : v. We
apply the Choice rule; it remains to prove that (01, ®) &, (02, ) = O &, O, ® which
is easily done by definition of &®,,.

e If M =case Vof {S—=W | 0— Z}, the typing derivation provides contexts such that
I =T, Ty withy [0 -V : Nat® and To|© F W : Nat® — pand [, |© F Z : pu. By
induction hypothesis, I'y, 2|0, ® =W : Nat® - pand 'z, 2|0, &+ Z : p from which we
conclude using the Case rule.

O

Lemma 11 (Closed Value Substitution) Suppose that I,z : 0|© &+ M : u and that 9|0 +
V:io. ThenT'|OF M[V/x] : p.

Proof. As usual, the proof is by induction on the structure of the typing derivation. We proceed
by case analysis on the last rule:
— If it is Var, we have two cases.

e If the conclusion is ', z : ¢|©® F =z : o then z[V/z] = V. By Lemma 10, we obtain
that T'|OFV : 0.

e If the conclusion is I,z : o,y : 7|© F y : 7 then y[V/a2] = y and we obtain
Iy :7|© F y: 7 using the Var rule.

— If it is Var’, the situation is similar to the latter case of the previous one. The conclusion is
I'Nz:oly:7F y:7andy[V/z] = y so that we obtain I'|y : 7 F y : 7 using the Var’
rule.

— If it is Succ, then M = S W and p = Nat®. We obtain by induction hypothesis that
I'|®F W[V/z] : Nat® and we conclude using the Succ rule that I'|© + (S W)[V/x] : Nat®.

— If it is Zero, we obtain immediately the result.

— If it is A, suppose that I', z : ¢|© F Ay.M : 7 — p. This comes from ',z : o,y : 7|O F
M : p to which we apply the induction hypothesis, obtaining that T', y : 7|© F M[V/x] : pu.
Then applying the A rule gives the expected result.

— For all the remaining cases, as for the A rule, the result is obtained in a straightforward way
from the induction hypothesis.

O

Lemma 12 (Substitution for distributions) Suppose that I'|z : {ol" | i€ T} M : p
and that, for everyi € T, we have O|0FV : 0;. Then T |0+ M[V/z] : p.

Proof. The proof is by induction on the structure of the typing derivation. We proceed by case

analysis on the last rule:

— If it is Var, we have M = y # x and y € T'. It follows that y[V/z] = y and we obtain
I'|0F M[V/x] : psimply by the Var rule.

— Ifit is Var’, we have M = = so that M[V/xz] = V. Moreover, the distribution { 67" | i€}
must be Dirac; we denote by o the unique element of its support. Note that we also obtain
o = u. As we supposed that 0|0 F V : o, Lemma 10 gives I'|) - V' : o from which we
conclude.

— If it is LetRec, then x does not occur free in M. It follows that M[V/z] = M, and we can
derive T' | = M[V/x] : p using a LetRec rule with the same hypothesis.

— All others cases are treated straightforwardly using the induction hypothesis.

O

Lemma 13

1. T|OFSV :Nat* = T|OFV : Nat®,
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2.T/OF0: Nat® = T, s =7.

3 T|OFSV :Nat® = T, 5 =T1.
Proof. All points are immediate due to the typing rules introducing 0 and S. Recall that by the
subtyping rules 56 = oo. O
5.4 Size Substitutions

Lemma 14 (Successor and Size Order) Suppose that s < tv. Thens < T.

Proof. By definition of =, if s < t, there are two cases: either t = oo, or spine () = spine (t) =i

with s :?c, t :?a and k£ < k’. In both cases the conclusion is immediate. O
Lemma 15 (Size Substitutions are Monotonic)

1. Suppose that s < ¢, then for any size t and size variable i we have s[t/i] < t[t/i].

2. Suppose that s < ¢, then for any size t and size variable i we have [s/i] < t[t/1i].

Proof. 1. We proceed by induction on the derivation proving that s < ¢, by case analysis on
the last rule.

— If it is § < s, then s = ¢ and the result is immediate.
— Ifit is

then by induction hypothesis s[t/i] < u[t/i] and u[t/i] < t[t/i] so that we conclude using
this same deduction rule.

—Ifitiss < s, WG/IEVG t = 5 and using the definition of size substitution we obtain
t[t/i] = 5[t/i] = s[t/i]. We conclude using the same deduction rule.

— Ifit is s < 0o, we have co[t/i] = oo and we obtain immediately s[t/i] 5 co.

2. We proceed by case analysis on t. There are four cases:

— Ift =i, then t[s/i] = s < v = t[t/i].

- Ift —]7&1 then t[s/i] =j < j = t[¢/i].

— If t = u, we have by induction hypothesis that ufs/i] < u[t/i]. We conclude using
Lemma 14.

If t = oo, t[s/i] = 0o 5 00 = t[t/i].

O

Lemma 16 (Size Substitutions and Subtyping)

7ls/i.

C
If u C v, then for any size s and size variable i, we have u[s/i] C v[s/i].

C o[t/i].
Ifi pos pv and s < ¢, we have p[s/i] C ult/i].

ols/i.
wuls/i].

1. If 0 C 7, then for any size s and size variable i, we have o[s/i|
2. If i pos 0 and s < t, we have o[s/i] C

3. Ifineg o and s < ¢, we have o[t/i] C
< C

Ifi neg p and s < v, we have pl/i

Proof.

1. We prove both statements at the same time by induction on the derivation proving that
pC v (oroC7).

— If the last rule is ¢ C o, then ¢ = v = o and the result is immediate.
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— If the last rule is
t<t
‘T

then by Lemma 15 we have t[s/i] < t[s/i] so that (Nat') [s/i] = Nat'®/! C Nat'*/! =
(Nat®) [s /i.

— If the last rule is
TCo nwCv

c—u & 7—=v

then by induction hypothesis 7[s/i] C o[s/i] and u[s/i] C v[s/i] from which we conclude
using the same rule.
— If the last rule is

Y T5T, (e, 0 Cry) and (GeT, Liepa <))

{ov |iezy e {5 | jeT}

we obtain by induction hypothesis that for every i € Z o;[s/i] T 74(;[s/i] from which we
conclude using the same rule.

2. We prove (2) and (3) by mutual induction on u (or o). Let s < .

— If o = Nat',

— Suppose that i pos Nat'. Note that this does not assume anything on t. Since s < ¢,
we have (Nat')[s/i] = Nat'®7 C Nat'™1 = (Nat')[v/i] where we used the
monotonicity of size substitution (Lemma 15).

— Suppose that i neg Nat'. Then i ¢ t and (Nat') [s/i] = (Nat') [t/i] so that we can
conclude.

—Ifo=7—upu,

— Suppose that i pos o. Then ineg 7 and i pos p. By induction hypothesis, 7[t/i] C 7[s/i]
and pls/i] C ple/i]. By the subtyping rules, o[s/i] = 7[s/i] — p[s/i] C 7[t/i] —
ufe/i] = ol /.

— Suppose that i neg 0. The reasoning is symmetrical.

—Ifp={o" | ieT},

— Suppose that i pos u. Then for every ¢ € Z we have i pos o; and by induction
hypothesis o;[s/i] T o;[t/i]. We obtain that uls/i] C w[c/i] using the identity as
reindexing function.

— Suppose that i neg . The reasoning is symmetrical.

g

Lemma 17 (Size substitution) IfT'|© - M : u, then for any size variable i and any size s
we have that T'[s/i]|O[s/i| - M : p[s/i].

Proof. We assume that i ¢ s, without loss of generality: else we introduce a fresh size variable
j, substitute it with s, and then substitute i with j. The proof is by induction on the typing
derivation. We proceed by case analysis on the last rule.

— Ifitis Var: we have I', 2 : ¢|© F 2z : o and deduce immediately using Var rule again that

T[s/i], @ : ofs/i]|Ofs/i] - z : o[s/i].

— Ifit is Var’: we have I'|z : ¢ F z : ¢ and deduce immediately using Var’ rule again that
Lls/il|x : ols/i] & z : o[s/i].
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— If it is Succ: then M = S V and p = Nat'. By induction hypothesis, I'[s/i] |©[s/i] F V :
(Nat®) [s/i]. But (Nat®) [s/i] = Nat'®/! so that by the Succ rule I'[s/i] | ©[s/i] - SV : Nat**/,

We use the equality Nat*/7 = (Nat?) [s/i] to conclude.
— If it is Zero: the result is immediate.

— If it is A: we have M = Ma.N and 4 = o — v. By induction hypothesis, T'[s/i], z :
ols/i]|©[s/i] = N : v[s/i]. By application of the A rule, I'[s/i]|O[s/i] + Az.N : o[s/i] —
v[s/i]. We conclude using o[s/i] — v[s/i] = (¢ = v)[s/i].

— If it is Sub: the hypothesis of the rule is T'|© - M : v for v C p. By induction hypothesis,
I[s/i]|O[s/i] - M : v[s/i]. But by Lemma 16 we have v[s/i] C pu[s/i]. We conclude using the
Sub rule.

— If it is App, we have M = V W and ' = Ty, 9, T3 and © = O, Oy with (I'y) = Nat,
', 5|0 +V :0—pand I'1, 3|02 F W : 0. Applying the induction hypothesis twice
gives I'1[s/i], Ta[s/i] |©1[s/i] H V : (0 — w)[s/i] and T1[s/i], ['s[s/i] | O2[s/i] F W : o[s/i].
Since o[s/i] — pls/i] = (o — w)[s/i], we can use the Application rule to conclude.

— If it is Choice, then M = N@,Land p = v, and © = 0, 5,0, withI'|O; F N : v and
'Oz F L : & and (v) = (£). The induction hypothesis, applied twice, gives I'[s/i] | ©1]s/i] -
N : v[s/i] and T'[s/i] | ©2[s/i] F L : £[s/i] from which we conclude using the Choice rule again
and the equality v[s/i] ®, &[s/i] = (v ®, &) [s/i] from Lemma 5.

— If it is Let, then M = (letx = NinL) and p = >, .7 pi-v; and I' = T'y, Ty, I'3
and © = O1, > ;.7 O2; with ', T2|0; F N : {in | iEI} and, for every i € Z,
I'1, T3]©2,; F L : v; and (I'1) = Nat. By repeated applications of the induction hypothesis,
T1[s/i], Tals/i] |©1]s/i] = N : {o?" | i€ T} [s/i]and, foreveryic T, I1[s/i], Ts[s/i]| ©2[s/i] -
L : v[s/i]. We use in a first time the equality { 0" | i€ Z}[s/i] = {(oi[s/i)" | i€}
coming from the definition of size substitutions. We conclude using the Let rule again and the
equality (3,7 pi-vi) [s/i] = Y,e7 pi-vils/i] from Lemma 5.

— If it is Case, then M = case V of {S—>W | 02} and I' = Ty, Ty with I'1 |0 +
V : Nat® and T2 |® F W : Nat® — pand I';]© F Z : u. We apply induction hy-
pothesis three times, and obtain T'i[s/i] [0 F V (Nat?) [s/i] and T'3[s/i]|O[s/i] F W :

(Nat® — ) [s/i] and Ta[s/i] | O[s/i] - Z : p[s/i]. We use the equalities (Nﬁ) ls/i] = Nat'e/d
and (Nat® — p)[s/i] = Nat*®/ — 4[s/i] and then the Case rule to conclude.

— If it is letrec, we carefully adapt the proof scheme of [18, Lemma 3.8]. We have M = letrec f =
V and p = Nat® — v[r/j] and T = T'y, T's with
— <F1> = Nat,
— j ¢ T'y and j positive in v and Vj € J, spine (v;) = j,
— {(Nat™ — v[r; /i)’ | j € J} induces an AST sized walk,
— and
Dyl f o {(Nat% = vl i)" | je T}V @ Nat' — vfj/i] (11)

We suppose, without loss of generality as this can be easily obtained by renaming j to a fresh
variable, that i # j and that j ¢ s. Let [ be a fresh size variable; it follows in particular that
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[ ¢ T4, 'y, v, 5. We apply the induction hypothesis to (11) and obtain

D/ s ({(Nat™ > ol i)™ | Ge T Y)Wl FV : (Nat = /i) [

which, after applying a series of equalities and using the fact that j ¢ T'y, coincides with

ol s ({ (Nt s ol 1/5)]) 7 | G e g ) F Vo Natt s i)
but also with
- ({ (Nat%“/ﬂ — u[Ui]e;[1/7] /r) | je j}) -V s Nat' — o[15)[/1]

We can apply the induction hypothesis again, and obtain after rewriting
Pulsfil £ = ({ (Nt = wluyiltes i) /0s/]) | e T ) F Vs Nat = vl i/ls /i

where we used the fact that Vj € 7, spine (v;) = j # i so that (Natt-f[[/”> [s/i] = Nat%V/1],

Since [ ¢ s, we can exchange [[/l] and [s/i]. For every j € J, we can also exchange [s/i] and
[t;[I/5]/1] since spine (v;[[/j]) = [# i and [ ¢ 5. We obtain:

Puls/il| £+ { (Nt = wlt/ills/illes /31/0)" | €T F Vs Nat > wltills/ii/]

Additionally, we have:

— (I[s/i]) = Nat,

— ¢ T[s/i],

— [ positive in v[[/j][s/i] since j was positive in v,

— Vj € J, spine (v;[l/j]) = [ since spine (t;) = j,

—and { (Nat" ¥ o[1/i)s/i[e; 1] /[])pJ | j €} induces the same sized walk, which

is thus AST, as { (Nat" — v[r;/j])"” | j € J}. Indeed, only the spine variable changes
under the substitution [l/j].
Let t = t[s/i]. Since all these conditions are met, we can apply the letrec rule and obtain

Ty [s/i], Tals/i] | O[s/i] - letrec f = V : Nat' — v[t/j][s/i][t/]
Since i, [ ¢ s and [ ¢ v, we can commute [s/i] and [t/I] and compose substitutions to obtain
T[s/i] | Os/i] - letrec f = V : Nat' — v[t/j][s/i]
which rewrites to
T[s/i] | ©[s/i] - letrec f = V : (Nat® — v[e/i]) [s/i]

which allows to conclude.

5.5 Subject Reduction

We can now state the main lemma of subject reduction:

Lemma 18 (Subject Reduction, Fundamental Lemma) Let M € A§, (1) and Z be the unique

closed term distribution such that M —, 2. Then there ezists a closed typed distribution { (L; : vj)? | jed }
such that

SE((Ly : v)Y) =

— [(L;)P ’ j € J] is a pseudo-representation of 9.
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Note that the condition on expectations implies that J;c , S(vj) = S(u).

Proof. We proceed by induction on M.

e Suppose that M = letx = V in N, that ¥ = {(N[V/glc])1 }, and that @0 F let © =

Vin N : pu. By Lemma 9, there exists (§,0) such that 0|@ -V : candz : |0 N : £
with £ C pu. By Lemma 11, @ |0 - N[V/z] : £, and since £ C p we obtain by subtyping that

0|0+ N[V/z] : p. It follows that { (N[V/z] : )" } is a closed typed distribution satisfying
the requirements of the lemma.

e Suppose that M = (Az.N) V, that 2 = {(N[V/as])l} and that 0|0+ (Az.N) V : p.

Applying Lemma 9 twice, we obtain that z : 7|0 F N : £and @@ -V : 0 with o C 7
and £ C p. Applying subtyping to the second judgement gives #|@ -V : 7, and we can
apply Lemma 11 to obtain 0| - N[V/xz] : £ Since £ C p we obtain by weakening that

0|0+ N[V/z] : p. Tt follows that { (N[V/z] : ) } is a closed typed distribution satisfying
the requirements of the lemma.

e Suppose that M = N &, L, that 2 = [Np, Ll_p] and that 0|0 - N @, L : u. By
Lemma 9, there exists (£, p) such that 0|0 - N : and 0|0 L : p with £ ®, p C p and

> (€®pp) = 1. By Lemma 8, there exists (¢, p') such that p = '@, p', T ¢ and p C p'.
By subtyping, @ |0 - N : & and |0 - L : p’. We consider the closed typed distribution

of pseudo-representation {(N SV (L o p)? } which satisfies the requirements of the

lemma since its expectation type is p-& + (1 —p)-p' = & &, p' = p. Note that we use a
pseudo-representation to cope with the very specific case in which N = L and £ = p/, in

which the representation of the closed typed distribution is { (N : &) }

e Suppose that M = letx = N in L, that ¥ = {(Iet x = Pjin L)p; | jEe j} and that
@|0Fletz = NinL : p. By Lemma 9, there exists (Z, (0:);cz , (Pi)icr » (§i);ez) such that
= Dier Pi & C o,
— 00N :{oV | ieT},
-YieZ, z:o0/|0FL:E&.

This reduction comes, by definition of —,, from N —, { Pfj | jeJg }, to which we can

apply the induction hypothesis: there exists a closed typed distribution
{(Rk : pk)pg | kGIC}

which is such that

{oV | ieZ} = > dil-m

kek
and that {(Rk)p ¥ | k€ IC} is a pseudo-representation of { Pfj ] jeJg } It follows that,

11

for every k € I, we can write p; as the pseudo-representation [af ki | 1€1 ] where some
of the p!! (but not all of them) may be worth 0. This implies that, for all i € Z,

pi = > Dl

ke
Now, for every k € K, we can derive |} -let z = Ry in L : Y, 7 p/i - & from the rule
010F Ry : {af?v"? | iGI} v |0FL: & (Viel)
OD|OFlete = RyinL: Y, 700 -&
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"

so that [ (letz = RpinL: >, 7pl @-)p’“ ‘ ke IC} is a pseudo-representation of a closed
typed distribution, whose expectation is

Sl > opli& = > (Z pﬁép%%)-é@ = > pid

keKx i€l i€l ke i€l

By Lemma 9, the sum of )., p; - & is 1, and it follows that > u = 1 as well. Since
Y ier Pi-& T p, applying Corollary 3 gives us a family (v;),., of distribution types such
that, by subtyping, we can derive for every k € K the judgement @ | - let x = Ry in L :
> icz Py - vi- This family 7 satisfies moreover > icr Pi-Vi = . We therefore consider
the closed typed distribution of pseudo-representation

Py
(IetszkinL:Zpgg-yi> | kek
i€T

and of expectation type

Zp% Phi Vi = Zpi'l/izu

kek i€z ieT
Since {(Rk : pk)pg f ke IC] is a pseudo-representation of { Pfj | 1edJ }, we have that
[(Iet x = RginL: pk)p;“/ | ke IC} is a pseudo-representation of{ (let z = Pjin L)p-; | je j}
which allows us to conclude.

Suppose that M = case SV of {S—W | 0— Z}, that = {(W V)l} and that

0|0 - case SV of {S—»W | 0—Z} : pu. By Lemma 9, there exists s and & such
that |0 =SV : Nat® and 0|0 - W : Nat® — £ with £ C y. Lemma 13 implies that
0|0+ V : Nat®. Using an Application rule, we obtain that (| = W V : &, and subtyping

gives 0|0 W V : p, allowing us to conclude for { Wwv.: u)l }

Suppose that M = case 0 of {S—=W | 0— Z}, that 2 = {(Z)l} and that 0|0 F
case 0of {S—=W | 0= Z} : pu. By Lemma 9, there exists £ with £ C p and such that
0|0+ Z : £ By subtyping, 0|0 F Z : p which allows to conclude for { (Z ' }

Suppose that M = (letrec f = V) (c W),that@ = {(V[(Ietrec f=)/f (c W/))l}

and that 0|0 F (letrec f = V) (c W) : . We apply again Lemma 9, but this time we

rather depict the derivation typing M with p it induces, for the sake of clarity. This deriva-
tion is of the form (modulo composition of subtyping rules):

Uyt

Hyp e
01f : {(Nat — el /i)™ | jeT}HV : Nat' — &fi/i] :
00+ letrec f = V : Nat' — ¢[t/i] @|®i—cW:Nat?
0|0+ letrec f = V : Nat® — p Q)W)I—cﬁ)/:Natg
D|0F (letrec f = V) (cW) S
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ﬁ
where the two sizes appearing in the types for ¢ W are successors due to Lemma 13, and
where

— Hyp denotes the additional premises of the letrec rule, and contains notably i pos &,
—rxT=<5<t,
= £[/i] E p

It follows that, for every j € J, we can deduce that the closed value letrec f = V has type
Nat"/ — &[u;/i], as proved by the derivation

1
H@
O1f : {(Nat™ — & /i) | jeT}HV Nat' — €[i/i]
OO letrec f = V : Nat" — &[u;/i]

Since
O1f : {(Nat" = &, /i)™ | jeT}HV Nat' — £[i/i]

we obtain by Lemma 12 that

010 F V(letrec f = V) /f] : Nat' — €i/i]
We now apply Lemma 17 to 0|0 = Vi(letrec f = V) /f] : Nat' — ¢[i/i] with the sub-
stitution [v/i] and we obtain that 0|0 - V(letrec f =) /V]f : Nat® — £[t/i]. Using the
Application rule, we derive 0|0 = V[(letrec f = V) /f] (c W) : &[t/i]. Since i pos £ and

t < t, by Lemma 16, we get that £[t/i] C £[t/i]. By transitivity of C, £[t/i] C p which al-
lows us to conclude by subtyping that @ |0 - V|(letrec f = V) /f] (c V_[}) : u. The result

follows, for { (V[(Ietrec f = V)/f (c W/) : ,u)l }

O
Theorem 1 (Subject Reduction for —,) Letn € N, and { (M; : p;)" | i€} bea closed
typed distribution. Suppose that { pi ‘ i€ I} — { (N;) pJ ’ VES ._7} then there exists

a closed typed distribution { (L : yk)pk ‘ ke IC} such that
o« B((M: s ) = E((Lg : m)),
e and that [(Lk)p;“/ | ke IC] is a pseudo-representation of{ | JE j}

Proof. The proof is by induction on n. For n = 0, =¥ is the identity relation and the result is
immediate. For n + 1, we have

fany | ez - L@ |1ec) -, {@p? Ijef}

We apply the induction hypothesis and obtain a closed typed distribution { (Ry : &) p v | geg }
satisfying E ((M; : ui)pi) = E (( : fg)péS)) and such that {(Rg)py) | g€ g} is a pseudo-

representation of { | lel } For every g € G:

27



— if Ry is a value, we set Z, = {R'} and ., to be the closed typed distribution 7, =
{(Th : ph)pﬁf) ’ h e Hg} = (Rg : ‘Eg)lv

— else Ry —, 94. We apply Lemma 18 and obtain a closed typed distribution .7, = { (Ty, : ph)p;%) | heHt, }
such that E ((Th : ph)p?)) = {, and that [(Th)pg) | he ’H,g} is a pseudo-representation of

g
We claim that the closed typed distribution defined as

{(Lkiny)g |k€K} = Zp(g?’)'yg
geg

satisfies the required conditions. Indeed, the expectation type is preserved:

E((M; = p)™) = E((Rg : fg)p'(qa)>
= e p§3) &y
= e i -E ((Th : Ph)pgl))
= (S0 08 7))
= E {(Lkzuk)pg ’ kelC})

Moreover, by definition of the family (@g)g cg

{(PZ)PY |le£} - ZP@S)'{(RQ)l} ., {(Nj)p; |jej} _ Zpr).@g
g€g

9eg

o)
The result follows from the fact that {(Th)p h ‘ h e ’Hg} is a pseudo-representation of %, for
every g € G.

O
5.6 Subject Reduction for =,

Recall that there is an order < on distributions, defined pointwise.

Lemma 19 Suppose that M =, {V-pi ’ i€ I} and that M € A§ (). Then there exists a

2

closed typed distribution { (W; - O’j)p; | JjE J} such that

. ]E((Wj : Uj)p;) <

e and that [(Wj)p; | je \7} is a pseudo-representation of { (V;)"" | ie€T}.
Proof. We have M —, 2 0 D+ { VP | 1€l } By Lemma 18, there exists a closed typed
distribution { (L : V]g)p;", | kek } such that E ((Lk : Vk)p;“/> = pand that [(Lk)p;“l } ke /C]

is a pseudo-representation of 2. We consider the pseudo-representation [(Wj)p i | jied ] ob-

tained from [(Lk)p g | ke IC} by removing all the terms which are not values. Note that J C K.
We obtain in this way a pseudo-representation of {VZP ‘ ‘ 1€ } which induces a closed typed
representation { (W; - l/j)p;' | je J} such that E ((W] : Vj)p-lf) < p. O

Theorem 2 (Subject Reduction) Let M € A§ (n). Then there exists a closed typed distribu-
tion { (W = o) | j€J} such that
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—E((W; :0))") < 1
— and that [ (W;)" | j € J] is a pseudo-representation of [ M ].
(

Note that E ((W; : 0;)") < p since the semantics of a term may not be a proper distribution
at this stage. In fact, it will follow from the soundness theorem of Section 6 that the typability of
M implies that > [ M ] =1 and thus that the previous statement is an equality.

6 Typability Implies Termination: Reducibility Strikes Again

This section is technically the most advanced one of the paper, and proves that the typing dis-
cipline we have introduced indeed enforces almost sure termination. As already mentioned, the
technique we will employ is a substantial generalisation of Girard-Tait’s reducibility. In partic-
ular, reducibility must be made quantitative, in that terms can be said to be reducible with a
certain probability. This means that reducibility sets will be defined as sets parametrised by a real
number p, called the degree of reducibility of the set. As Lemma 20 will emphasize, this degree of
reducibility ensures that terms contained in a reducibility set parametrised by p terminate with
probability at least p. These “intermediate” degrees of reducibility are required to handle the
fixpoint construction, and show that recursively-defined terms that are typable are indeed AST
— that is, that they belong to the appropriate reducibility set, parametrised by 1.

6.1 Reducibility Sets for Closed Terms

The first preliminary notion we need is that of a size environment:

Definition 23 (Size Environment) A size environment is any function p from S to NU {oc}.
Given a size environment p and a size expression s, there is a naturally defined element of NU{oo},
which we indicate as [s],:
on .
- [[1 ]]P = p(l) +n,
= [oo], = oo
In other words, the purpose of size environments is to give a semantic meaning to size expressions.

Our reducibility sets will be parametrised not only on a probability, but also on a size environment.

Definition 24 (Reducibility Sets)
— For values of simple type Nat, we define the reducibility sets

VRed}

Natsp = {s"o | p>0=n<[s],}.

— Values of higher-order type are in a reducibility set when their applications to appropriate values
are reducible terms, with an adequate degree of reducibility:

VRed? ., = {VeAl((c—n) | Vge(0,1], VW € VRed? ,
V W € TRed}?,

— Distributions of values are reducible with degree p when they consist of values which are
themselves globally reducible “enough”. Formally, DRedz)p is the set of finite distributions
of values — in the sense that they have a finite support — admitting a pseudo-representation

7 = [(V)" | i €I such that, setting p = {(oj)pg | j€ j}, there exists a family

(ij)icrjes €10, 1EXITT of probabilities and a family (Gij)icz jes € 10, X1 of degrees of
reducibility, satisfying:

1.VieI, VjeJ, Vi€VRedi
2.Yi€L, Ylicq pij = Di
3. vjeJ, ZieI pij = p(oj),
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4-P<Dier E]‘ej qijPij-

Note that (2) and (3) imply that > 2 = > p. We say that [ (V;)"" | i € T] witnesses that
9 € DRed”, .

— A term is reducible with degree p when its finite approximations compute distributions of values
of degree of reducibility arbitrarily close to p:

TRed! | = {M e Ag (1) | YO<r<p, . X p, In. €N,
M =" 9, and 9, € DRedZT,p}

Note that here, unlike to the case of DRed, the fact that M € Ag ((1)) implies that p is proper.

The first thing to observe about reducibility sets as given in Definition 24 is that they only deal
with closed terms, and not with arbitrary terms. As such, we cannot rely directly on them when
proving AST for typable terms, at least if we want to prove it by induction on the structure
of type derivations. We will therefore define in the sequel an extension of these sets to open
terms, which will be based on these sets of closed terms, and therefore enjoy similar properties.
Before embarking in the proof that typability implies reducibility, it is convenient to prove some
fundamental properties of reducibility sets, which inform us about how these sets are structured,
and which will be crucial in the sequel. This is the purpose of the following subsections.

6.2 Reducibility Sets and Termination

The following lemma, relatively easy to prove, is crucial for the understanding of the reducibility
sets, for that it shows that the degree of reducibility of a term gives information on the sum of its
operational semantics:

Lemma 20 (Reducibility and Termination)
— Let 9 € DRedﬁ)p. Then >~ 2 > p.
— Let M € TRed}, . Then ) [M] > p.

Proof.

e Let 7 € DRed, ,, then there exists a pseudo-representation ¥ = [(Vi)" | i€Z] and
families (pij)iel,jej and (qij)iEI,jEJ of reals of [0,1] such that Vi € Z, > .., pij = pi,
and that p < 37,7 > c 7 ¢ijpij. We therefore have:

Z_@ = Zpi = ZZP@' 2 ZZ 4%ijpij = P
€L €L jeT €L jeT

e Since M € TRed , for every 0 < r < p, there exists n, with M =7~ Z, and 2, € DRed,,_,.

From the previous point, we get that > 2, > r for every 0 < r < p. It follows from
Corollary 1 that > [M ] > r for every 0 < r < p and, by taking the supremum, > [M ] > p.

O

It follows from this lemma that terms with degree of reducibility 1 are AST:

Corollary 4 (Reducibility and AST) Let M € TRed}W. Then M is AST.

6.3 Reducibility Sets and Reducibility Degrees

We now prove two results related to the reducibility degrees of reducibility sets. First of all, if
the degree of reducibility p is 0, then no assumption is made on the probability of termination of
terms, distributions or values. It follows that the three kinds of reducibility sets collapse to the
set of all affinely simply typable terms, distributions or values:
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Lemma 21 (Candidates of Null Reducibility) — If V € A¥ (), then V € VRedgjp for ev-
ery o such that (0) = k and every size environment p.
— Let 2 = {(Vi)?" | i €I} be a finite distribution of values. IfVi € I, V; € AY, (k), then
0 _ —
9 € DRed,, , for every p such that () = x and Y p = Y, 7 and every p.
— If M € Ag (k), then M € TRedl(Lp for p such that () = & and every p.

Structure of the proof. In this lemma, as for most lemmas proving properties about VRed,
DRed and TRed, we use a proof by induction on types. As the property is defined in a mutual way
over VRed, DRed and TRed, we typically prove it for VRed} .. » for any size s refining Nat, and
then for VRedg , by using the associated hypothesis on TRedZ ,- Then we prove the property
for any dibtribution type for DRed}, , using induction hypothesis on the VRed}, , for o € S(u), and
we prove it for TRed? 1.p USIng 1nduct10n hypothesis on VRed? o,p- Lhe point is that these ingredients
allow to give a proof by induction on the simple type underlying the sized type of interest. In the
base case, the sized type is necessarily of the form Nat® for some size 5: we prove the statement on

VRedﬁ,at, for all these sized types without using any induction-like hypothesis. Then we prove

the statement for distribution types g = {(Natsl )P | i€ I} first on DRed], , by using the
results for the sets VRed} Then we prove the result for TRed o typically usmg the one for
DRed? ,

We then switch to higher-order types, and give the proof for VRed? —u,p» Which may use the
results for the other sets on types ¢ and p. Typically, only results on TRedZ , are used. Then the
proofs for DRed? ,  and TRed}_,  , are typically the same as in the case of distributions over
sized types refining Nat: therefore we do not write them again.

This proof scheme will become more clear with the proof of this lemma on candidates of null
reducibility:

Proof.

e Let V € A¥ (Nat). Every o :: Nat is of the shape ¢ = Nat® for a size 5. Let p be a size
environment. By inspection of the grammar of values and of the simple type system, we see
that V must be of the shape S™ 0 for n € N. Note that V is closed: it cannot be a variable.
By definition, V € VRed ,

Nat®i,p*

e Let k = k' — k” be a higher-order type, with ¢ = «’ and p = «”. Let p be a size

environment, and V € AY (k). Let ¢ € (0,1] and W € VRed? ,, we need to prove that
Ve TRed0 But, by definition of VRed? ,, W € AY (x). It follows that V W € Ag ("),
and we can apply the induction hypothesis to deduce that VW € TRed"

u.py SO that by
definition V' € VRedg’p

o Let 2 = {(V;)" | i€Z} be a distribution of values and p = {(O’j)pg | je J} iR

be a distribution type. Suppose that Vi € Z, V; € Ag (k). Let p be a size environment. For

every (i,7) € T x J, we set p;; = pipzt and ¢;; = 0. We consider the canonical pseudo-

representation 2 = [ (V;)" | i € 7| and check the four conditions to be in DRedg’p

1. YieZ, VYjeJ, V,e VRedgijJ"p: this is obtained by induction hypothesis,

2V¥i €I, Yy piy = pit leti €I wehave s pij = =Y, P
% X3 = pi
3. W € J, Dler pij = loj): let j € J, we have > .7 pij = %ZZEI pi =

Z m = > 9, so that the sum equals pj as requested.

4. p<Yier Zjej gi;pi;: this amounts to 0 < 0, which holds.

o Let M € Ag (k) and p :: k. Let p be a size environment. Then M € TRedzvp: the condition

on M in the definition of TRed&p is for any 0 < r < 0 so that it’s an empty condition in
this case.
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O

As p gives us a lower bound on the sum of the semantics of terms, it is easily guessed that a term
having degree of reducibility p must also have degree of reducibility ¢ < p. The following lemma
makes this statement precise:

Lemma 22 (Downward Closure) Let o be a sized type, p be a distribution type and p be a size
environment. Let 0 < q <p < 1. Then:

— For any value V, V € VRed) | =V € VRed ,,

— For any finite distribution of values 9, 9 € DRed}, , = % € DRed] ,,
— For any term M, M € TRed}, | = M € TRed] ,.

Proof. Let o be a sized type, p be a distribution type and p be a size environment. If ¢ = 0, the
result is immediate as a consequence of Lemma 21. Let 0 < ¢ < p < 1.

e Suppose that V' € VRedy. . Since by definition p, ¢ >0 == VRed},. , = VRed{,; ,,
the result holds.
e Suppose that V' € VRedp_,, ,. Then:
VeVRed?,
>  Vge(0,1], VIV e VRed?
= V¢ €(0,1), VW € VRed?

a.p
< VeVRed,, ,

VW € TRed?,
VW e TRedZ‘f; (by IH, since 0 < q¢’ < pg < 1)

e Suppose that Z € DRedZW. Then there exists a pseudo-representation & = [(Vi)p" ’ 1€ I]

and families of reals (pi;);cz jc 7 and (¢ij);c7 jo 7 satisfying conditions (1) — (4). We have

9 € DRed] ,, for the same pseudo-representation, since conditions (1) — (3) are the same,

and (4) holds as well since ¢ < p.

e Suppose that M € TRedZ,p' Then for every 0 < r < p, there exists v, < p and n, € N
with M =7 2, and 2, € DRed,, . So this statement also holds for every 0 < r < ¢ and
M € TRed], .

O

6.4 Continuity of the Reducibility Sets

To prove the lemma of continuity on the reducibility sets, which says that if an element is in all
the reducibility sets for degrees ¢ < p then it is also in the set parametrised by the degree p, we
use the following companion lemma computing a family of probabilities maximizing the degree of
reducibility of a distribution:

Lemma 23 (Maximizing the Degree of Reducibility of a Distribution)
Let 9 = [(V;)P" | i € T] be a finite distribution of values and p = {(Uj)% | je ._7} be

a distribution type. Set q;; = max{q ’ V; € VReng_,p} for every (i,5) € T x J. Then there

exists a family (pi;) of reals of [0,1] satisfying:

i€, 5T
2.Vj €T, Yier pij = #oy),

and which mazimizes ), 7 Zje] QijDij -
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Proof. We use the theory of linear programming in the finite real vectorial space R, taking [32]
as a reference. We stick to the notations of this book. The problem then amounts to showing the
existence of _

max {cx | x>0, Az = b} (12)

where, supposing that we can index vectors and matrices by ¢ x 7 thanks to a bijection ¢ x j —
{1, ..., n} wheren = # (Z x J):

e z is the column vector indexed by the finite set Z x J, where x;; plays the role of p;;,

e c is the row vector indexed by 7 x J, with ¢;; = max {q ‘ V; € VRedgj,p}7

o 0 is the null column vector of size #(IZ xTJ),

e A is the matrix with columns indexed by Z x J and rows indexed by Z 4+ J, and such that:
— ay ;) = 1if and only if i = 4’, and 0 else,
— and a; (; ;) = 1if and only if j = j/, and 0 else.

e b is the column vector indexed by Z + J and such that b; = p; and b; = p(o;).

Following [32, Section 7.4], the maximum (12) exists if and only if:
e the problem is feasible: its constraints admit at least a solution,
e and if it is bounded: there should be an upper bound over (12).

and, also, its existence is equivalent to the one of the maximum of the following problem:
%
max {cw ’ x>0, Az < b} (13)

This reformulation makes the feasibility immediate, for the null vector x = ﬁ It is as well immedi-
ate to see that the problem is bounded: by construction, all the ¢;; € [0,1], and ), Zjej pij =
1sothat >, 7> ;c7 ¢jpi; < 1. The existence of the maximum (12) follows, and the Lemma
therefore holds. O

It follows that a distribution has a maximal degree of reducibility: the supremum of the degrees
of reducibility is again a degree of reducibility:

Corollary 5 (Maximizing the Degree of Reducibility of a Distribution II) Let Z be a fi-
nite distribution of values, p be a distribution type and p be a size environment. Suppose that
9 € DRed;, , for some real p € [0,1]. Then there evists a marimal real pmas € [p,1] such that

9 € DRedﬁ':’;;“' and p' > ppar = 2 ¢ DRedﬁip.

Proof. Let 7 = [(V;)" | i€ I] be afinite distribution of values and y = { (O‘j)p} | je J}

be a distribution type. By Lemma 23, setting ¢;; = max {q } Vi e VRedng} for every (i,7) €

I x J, there exists a family (p;;) of reals of [0, 1] which maximizes w = 37, 7> 7 Gijpij-

i€, 5T
It is immediate to see that any increase of a ¢;; to ¢’ is contradictory with V; € VRedgj’p, and that
any decrease of a ¢;; actually decreases w. It follows that pye. = w. O

To analyse the letrec construction, we will prove that, for every ¢ € (0, 1], performing enough
unfoldings of the fixpoint allows to prove that the recursively-defined term is in a reducibility set
parametrised by 1 —e. We will be able to conclude on the AST nature of recursive constructions
using the following continuity lemma, proved using the theory of linear programming [33]:

33



Lemma 24 (Continuity) Let o be a sized type, p be a distribution type and p be a size environ-
ment. Let p € (0,1]. Then:
— VRed} , = No<q<p VRed? ,,

— DRed”,, = (y,., DRed?

fsp?
- TRedZ)p = m0<q<p TRedzﬁp'

Proof. Let o be a sized type, u be a distribution type and p be a size environment. Let p € (0, 1].

e If o = Nat® for some size 5, then for every 0 < ¢ < p we have VRed? , = VRed?  so that
VRed] , = No<y<p VRedg .

e If o = 7 — pu, we proceed by mutual inclusions.

= VRed , € Mgy, VRed] , is an immediate consequence of Lemma 22.

— Let us prove now that (., VReds , C VRed; ,. Let V € (o ., VRed:

o,p) it
follows that:

Vg € (0,p), V¢ €[0,1], YW € VRed?

o,p

V W e TRed!®)

= V¢ €0,1], VW € VRedg;p, Vg€ (0,p), VW e TR,edZ‘f;,
= V¢ €[0,1], VW € VRed? ,, VW €\y_,., TRed!
But
(| TRed!, = (| TRed,, = TRed’? (by IH)
0<q<p 0<r<pq’
so that

Vg €[0,1], YW € VRed?

e VW eETRed))
By definition, V' € VRedg .

e The inclusion DRed,’L » C No< 0<p DRedZ, , is again an immediate consequence of Lemma 22.
Let 7 € (Ny<4<, DRed}, ,. Let (gn)nen be an increasing sequence of reals of [0, p) converging
to p. Foreveryn e N, ¥ € DRede’jp so that by Corollary 5 there exists a real pmazn € [¢n, 1]

such that 2 ¢ DRedﬁTg'm’" and p' > prggn = 2 ¢ DRedf;p. It follows that all the pmaz.n
coincide, and that they are greater than sup,,cygn = p. So Z € DRedz)p.

e The inclusion TRede,p C ﬂ0<q<p TRedZw is again an immediate consequence of Lemma 22.

Let M € ﬂ0<q<p TRed], ,. We need to prove that M € TRedj, ,, that is, that for every

0 < r < p there exists v, < p, n, € N, 2, such that M =) 2, and that 2, € DRed;hp.

ptr
Let r € [0,p). Since M € TRed, % and that 25" > r, we obtain the desired v, < g, n, €N,

2, having the properties of interest. The result follows.

O

6.5 Reducibility Sets and Sizes

In this subsection, we show how the sizes appearing in the (sized or distribution) type parametriz-
ing a reducibility set relate with the interpretation of size variables contained in the size envi-
ronment which also parametrizes it. We prove first the following lemma, which will be used as a
companion for this result:

Lemma 25 (Commuting Sizes with Environments) Leti be a size variable, s, t be two sizes,
and p be a size environment. Suppose that s = oo or that spine(s) # i. Then [t[s/i]], =

[[t]]p[b—)[[s]]p]-

Proof. By case analysis.
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o Ift =7 forj#i, then tls/i] = vand [t], = p(j) +n = [t]pfis]s],]-
o Ift :T"’, then

+m

—ifs =" forj#1, then tfs/i] =" and

[els/ill, = p() +n+m = [T, +n = [sl,+n = [ Tppoga,) = [Dpimsgel,;
— if § = oo, then t[s/i] = oo and [¢[s/i]], = oo = [t]fis[s],-
o If v = oo, then t[s/i] = vand [t], = 00 = [t],isqs],-
(]

The last fundamental property about reducibility sets which will be crucial to treat the recursive
case is the following, stating that the sizes appearing in a sized type may be recovered in the
reducibility set by using an appropriate semantics of the size variables, and conversely:

Lemma 26 (Size Commutation) Let i be a size variable, s be a size such that s = oo or that
spine (8) # i and p be a size environment. Then:

~ VRedy .y, = VRedy e,
~ DRed,0/y, = DRed) o),
~ TRed /gy = TR sgal, )

Proof.

e The first case to consider is ¢ = Nat® for some size t. Using Lemma 25, we have that

VRediatt)[s/i],p VRedNatt[s/.]
= ES"O D> 0 = n< [[t[S/iH]p}
= {5"0 | p>0=n <[]y,
= VRed?

Nat®,p[i—[s] ]

e We then consider the case of the sized type o0 — u :: &' — ”/. We have

VRed (o) ts/il0 VRedE (e s uleio
= {VeAL(ols/i) > pls/i) | ¥a € (0,1], YW € VRed? . VW eTRedd o}
= {veallo—m) | Vae (0.1, YW eVRed! 0 VWeTRed o
—  VRed”

o—p,pli—[s],]
where we used the induction hypothesis twice, once on «’ and the other time on x”.

e Let Z be a finite distribution of values and p = { (aj)p; | jE J} be a distribution type.

We have that pls/i] = {(Uj[s/i])p; | je J}. Suppose that 2 € DRedZ[s/ Then
there exist a pseudo-representation 2 = [(V;)"" | i €Z] and families (p;);; jeg and

(Qij)iezjej of reals of [0, 1] satisfying:
1.Viel VjeJ, V,e VRedq”
3.ViE€T, Yier pij = mloy),
4 p<Yier djes GiPis-

Jls/i],p7
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But (1) is equivalent to Vi € Z, Vj € J, V; € VRed?”
follows that 2 € DRed”

o) p[1 WER by induction hypothesis. It

1ol [0, The converse dlrectlon proceeds in the exact same way.

e Then, M € TRedu[g/] if and only if
MeAg () andVO<r<p, I, <xp, In. €N, M=) 2, and %, € DRedZT[E/in
if and only if, by induction hypothesis,
MeAg ((p) andVO <7 <p, v, <p, In, €N, M =7 Z, and 2, € DRed, i, (4], ]

. . . p
that is, if and only if M € TRedmp[H[[g]]p].

6.6 Reducibility Sets are Stable by Unfoldings

The most difficult step in proving all typable terms to be reducible is, unexpectedly, proving that
terms involving recursion are reducible whenever their respective unfoldings are. This very natural
concept expresses simply that any term in the form letrec f = W is assumed to compute the
fixpoint of the function defined by W.

Definition 25 (n-Unfolding) Suppose that V. = (letrec f = W) is closed, then the n-unfolding
of V is:

- Vifn=0;

- WI[Z/f] if n=m+1 and Z is the m-unfolding of V.

We write the set of unfoldings of V' as Unfold (V). Note that if V' admits a simple type, then all
its unfoldings have this same simple type as well. In the sequel, we implicitly consider that V is
simply typed.

Any unfolding of V' = (letrec f = W) should behave like V itself: all unfoldings of V' should be
equivalent. This, however, cannot be proved using simply the operational semantics. It requires
some work, and techniques akin to logical relations, to prove (see [33]) this behavioural equivalence
between a recursive definition and its unfoldings. The first lemma is technical and lists the
unfoldings of terms defined recursively as equal to themselves or to a variable:

Lemma 27
o LetV = f and W € Unfold (letrec f = V). Then W = letrec f =

o LetV = x # f and W € Unfold (letrec f = V). Then W = letrec f = V or W = x.
More precisely, the n-unfoldings for n > 1 are all x.

The next lemma is the technical core of this section. Think of two terms as related when they

are of the shape M 7/7 and M[Z’/?] where 7 is a sequence of “holes” in M, filled with
unfoldings from a same recursively-defined term. Then their rewritings by —, form distributions
of pairwise related terms.

%
Lemma 28 Let V = (letrec f = W) be a closed value. Let T, 7 Z' be a vector of variables
and two vectors of terms of Unfold (V'), all of the same length. Let M be a szmply?y ped term of
/

free variables contained in 7 all typed with the simple type of V. Suppose that M ? | =0 2

Then there exists Ny, ..., Ny, a vector of variables 7 and Z, .. Z—n>, Zy, ..., 2, € Unfold (V) of
i —)

the same length as Y and such that 9 = { (NJZ/?])I) } and moreover M[Z’/?] —y & =

{(wiZa)" ).

Proof. We prove the result by induction on the structure of M.
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e The case where M is a variable cannot fit in this setting: either M = y ¢ 7 and there
is no reduction from M [7/7], or M = x; € @ and there is no reduction either from

M [7 /2] = Z; since it is a value. We can similarly rule out all the cases where M is a
value.

e Suppose that M = Vi Vo. We proceed by case exhaustion on V;. Three possibilities exist,
the other ones contradicting the fact that there should be a reduction step from M:

- ItV =a; € ?, we distinguish four cases:

%
% Suppose that Z; = Z/ are both the 0-unfolding of V. Then M[?/?} = M[Z' ]2
and the result follows immediately from:

M[?/?] = (letrec f = W) V& 7/7
= (letrec f = W) (S™
= {(Wletrec f = W/f]) (smop* }
where in the second line the shape of V5 needs to be S™ 0 by typing constraints.

Note that 7 is the empty vector here.
* Suppose that Z; is the n-unfolding of V' for n > 0, and that Z! is the 0-unfolding.

We have that

MIZ/Z) = W(2"/f] ValZ /7]
where Z" is the (n — 1)-unfolding of V, and that

— —
M[Z')Z] =  (letrec f = W) Va|Z' /7]
— 1

5y { ((Whetrec 1 = W/f)) Va[Z'/ 7)) }

Notice that this reduction is possible since the constraint of simple typing implies

that V5 is of the shape S™ 0 for some m > 0. We can therefore rewrite the two
terms as

M[Z/Z) = W[2"/f] (5™ 0)
and _
MIZ (%] =, {(Wletrec f = W/f]) (5™ 0))" |
We need to distinguish four cases, depending on the structure of W.
- Suppose that W is a variable different from f. Then by Lemma 27 there cannot
be a step of reduction from M[?/?]
- Suppose that W f. Then by Lemma 27 we have Z; = Z! = Z”, so that

M [?/ 7] = [Z’ /7] and the result follows just as for the case where both
Z and Z' were 0-unfoldings.
- Suppose that W = Ay.L. Then

MZ/Z) = OwLlZ"/f) (57 0)
= { (ElZ"/ 115" 0/y) }
= {wwsm o izr/)' |
Moreover,
MZJZ) = {(Wletrec f = W/f]) (5™ 0))" }
= {(Ow-D) (™ 0)lletrec f = W/f)' |
=0 L (@ls™ 0)/y)) fletrec £ = W/f)' |

so that we can conclude with &/ = f and Ny = L[(S™ 0)/y].
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- Suppose that W = letrec g = W’. Then
M[Z/Z] = ((letrecg = W)[2"/f]) (5™ 0)

o L (Wlietrec g = W/g))127/f) (5™ 0))!
(W'lletrec g = W'/g] (S™ 0))[2"/f])"

Moreover,
_)
M[Z'JZ] =, ((letrec g = W')[letrec f = W/f]) (S™ 0)
5y (W'[letrec g = W'/g])[letrec f = W/f] (S™ 0))"
= (W'[letrec g = W'/g] (S™ 0))[letrec f = W/f])"
so that we can conclude with 7/ = fand Ny = W/[letrecg = W’/g] (S™ 0)).
* Suppose that Z; is the 0-unfolding of V, and that Z/ is the n-unfolding for n > 0.

Again, the constraint of simple typing implies that V5 is of the shape S™ 0 for some
m > 0. We have that

MZ/Z] = {(Wletrec f = W/f)) (5™ 0)' }
= {(w ™ 0)fetrec ;= /)’ }
and that
%
M[Z'/F] = W[Z"/f] (S"0) = (W (5™ 0)[Z"/f]

where Z” is the (n — 1)-unfolding of V', so that we can conclude with Y = fand
N, = W (S™0).

* Suppose that Z; is the n-unfolding of V' for n > 0, and that Z! is the n’-unfolding
for n’ > 0. We have

MIZ/F] = WIZ'/f] Vi[Z/7]
where Z" is the (n — 1)-unfolding of V', and
M[Z/Z] = W[Z"/f) V[Z/7]

where Z" is the (n’ — 1)-unfolding of V. We proceed by case analysis on W. As we
discussed in the case where Z; was a (n” + 1)-unfolding and Z/ a 0-unfolding, the
case where W is a variable does not lead to a rewriting step. It remains to treat
two cases:

- Suppose that W = Ay.L. Then

MZ/ZF] = nLZ"/f] W[Z)7) 1
| (oznmiz =) |

_ ((L1valZ/71/4) [Z”/f])l }

and

MIZF] = wL(z"/f] BIZ/F)
- { (i 2m) )

= {((wmlZ/21m) 2715) }

so that we can conclude with i/ = f and Ny = L[Vg[?/?]/y]
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- Suppose that W = letrec ¢ = W’. Then
MZ/Z] = ((etrecg = W)[Z"/f]) Vs[Z/ 7] 1
= (Whetrec g = W'/g)i2" /11 ValZ /7))
= (Wietrec g = w/gl w(Z/7)127/1])

where the reduction is possible because the simple typing constraints imply
that Vg[?/?] is of the shape S™ 0 for some m € N. Moreover,

MZ/T] = ((letrecg = W)[2"/f]) Va[Z /T 1
—o 3 ((Wiletrec g = W) (2711 Va[Z /7))
= L (Whetrec g = W'/g) VB[ Z/F))(27/1))
so that we can conclude with 7/ = fand Ny = W/[letrecg = W'/g] Vg[?/?]
~ IV, = \y.L,
MZ/F] = (\eL(Z/7]) ValZ/7)
» {2z 2m) |

- {(ewrizim)' |
and in the same way
mizz) | (uvmizz)' )

which allows to conclude with Ny = L[V2/y].

— If Vi = letrecg = W', by typing co&)straints Vo = S™ 0 for some m > 0. It follows
that we can reduce M[?/?] and M[Z') 2] as follows:

M[Z/7] = (letrecg = W'[7/7]) sm 0
o A (v e g = wiZ/2ya) 57 0)' |
= (Whetrec g = /g (Z/7] (57 0))'
= L (Whetrec g = Wg] (57 0))[Z/7])
and similarly
MZ/R (Ve g = w7 57 0) /7)) |

so that we can conclude with Ny = W/[letrec g = W'/g] (S™ 0).
e Suppose that M = lety = X in P. Then

M[Z)Z] = ety = X[Z/Z]in P|Z/7]
~ (2 rxz ) |

- {(reemizr2)' |
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and similarly M[Z'/ 2] —, { (P[X/y][Z’/?]) } from which we can conclude.

Suppose that M = let y = L in P and that
M[Z/Z)] = ety = LIZ/3]inPZ/7]
= {(lety = L[Z/7)in P[?/?])”’}
= {(lety = LZ/Z)in P[?/?])“(}
- {((Iety = LVinP) [7,7/7,7}) }

where the third step is obtained by a-renaming, and where by definition of —, we have
LZ/Z] - { (LZ )TN | ie 7}
By induction hypothesis, there exists 71, ..., Z), € Unfold (V') such that
— —
LZ /@) =, {WiZ/@)y | ieT}
Now remark that
- - i
MZ /7] =, {(lety = LiZ/@]in P[?/?])p }
— i
= {(lety = L/1Z/Z)in P[?/?})p
— i
= {(tety = L7inP) 2,77, 7))}
The result follows for ¥ = 2,7 and N; = lety = L/ in P.
Suppose that M = L @, P. Suppose that L # P. Then

M[7/7] —y {L[?/?]P, P{?/?}lw}

" MZ ) >, {172, P
so that the result holds for Ny = L and Ny = P.
IfL = P,

M(Z/7) - {LZ/7)')

and

MZ/7) — {1770}

and the result holds as well. Note that the distinction is necessary so as to avoid the use of

pseudo-representations in the statement of the lemma.

Suppose that M = case V' of {S — X ‘ 0—Y } By typing constraints, V/ = S™ 0 or

V' = y is a variable.

IV = 0, M[Z)F] — {(3[7/7])1}andM[?/7] S {(R[?/?])l}so

that we can conclude.

— If V! = S™ 0 with m > 0, we can conclude in the same way.

— In the latter case, there is no reduction from M [? /] unless V' [7 /7] is of the shape
V'’ = S™ 0. But this is of type Nat and cannot therefore be an unfolding of V', so that

this case is impossible.
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This result can be extended to a n-step rewriting process; however pseudo-representations are
required to keep the statement true, as we explain in the proof.

Lemma 29 Let V = (letrec f = W) be a closed value. Let M be a simply-typed term of free

%
variables contained in ?, all typed with the simple type of V. Let ?, Z' € Unfold (V) and n € N.
Then there exists a distribution of values of pseudo-representation [Xfi ‘ 1€ I}, a vector of

variables Y and families of vectors (Z) oz (Z) - of the same length as o, all such that
M[Z /7] =" [(Xi[Z/m)pi | zez} and that M[Z' /7] =7 [(Xi[Zf/j])pi | iez]

Proof. By iteration of Lemma 28. The pseudo-representations come from the fact that some
terms in different reduction branches may converge to the same value, say, in the reduction from

M[?/?] but not in the one from M[?/?] O

The following lemma is of technical interest. It states that, given two pseudo-representations
of a distribution — one of the shape exhibited in the previous lemmas and used for relating terms
with unfoldings, the other one being a pseudo-representation witnessing the belonging to a set
DRed — there exists a third one which “combines” both:

Lemma 30 Suppose that 9, = {(XAZ/?])p | ieI} = {(X;)p; | jej] Then there

exists a set IC, two applications m1 : K — T and 7o : K — J and a pseudo-representation
p//
P, = [(Xé’[Zﬂl(k)/ﬁ]) ’ | k;EIC] such that
o Vk e IC, X]/C/ = Xﬂ'l(k))
o VieI, Zkeﬂ,fl(i) Py = pi,
e keK, XJ[Z[/T] = XL,
e VjieJ, ZkETr;l(j) pg = p;-.
Proof. Let ¥ = {(Y})p;/ ’ le [,} be the representation of 2. We build K, m; and 7o as
follows. The construction starts from the empty set and the empty maps, and is iterated on
every | € L. First, weset T, = {i €T | ¥i = XZ-[Z-/ﬁ]} and i = {jeJg | i = x/}.

We suppose that both these sets are enumerated, and will write them Z; = {io,...,i,,} and
T = {jos---,3m,}- We consider the set of reals

ny my
R = {Oapilvpil +pi27~"7zpir} U {07p917p3'1 +p;27"'7 Z p;r/} - [0,]7;/]
r=0 r’=0
This set is ordered, as a set of reals, so that we have a maximal enumeration
0= <o <---<as; =p

where maximality means that § € R = 3, B = «;. We add s elements to the set I
produced during the examination of previous elements of £: K := KW {0,...,s — 1}. For every
t€{0,...,s— 1}, we define:

VA
® Py = Oyl — O,

e m1(t) = i € Z; where Zf;é i, < a; and Zfzo Di. > Qy,
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o mo(t) = ji € J, where Zf;é pj. < oy and Zfzo pj,. > oy.

We claim that the set IC resulting of this constructive process satisfies the equalities of the lemma.
O

The series of previous lemmas allows to deduce that a term is reducible if and only if the terms
to which it is related are:

Lemma 31 Let V = (letrec f = W) be a closed value. Let M be a simply-typed term of free
variables contained in T, all typed wz'_t)h the simple type of V.. Let Z,Z' € Unfold (V). Then
M[Z @) € TRed”, if and only if M[Z/ 7] € TRed? |

op

%
Proof. We prove that M[?/?] € TRed], , implies that M[Z') %] e TRed], ,, the converse direc-

tion being exactly symmetrical. The proof proceeds by induction on the simple type refining .

Suppose that g :: Nat. Let r € [0,p). Since M ?/? ] € TRed}, ,, there exists n, and v, < p
such that M 7 /7] =7 P, and that 2, € DRed;, ,. Lemma 29 implies that there exists a distri-

bution of values of pseudo-representation [X pi ‘ i E T ] a vector of variables 7 and families of
vectors (Z) - (Z{) . of the same length as 7 all such that 9, = [ ( il 2/7 ) ’ 1€ I}
ic ic

- - i
and that M[Z'/Z] =7 & = [(XAZ{/?])Z) | i€ I}. By typing constraints coming from

%
the subject reduction property, all the X; [Z /Y] and X;[Z!/ %] have the simple type Nat. This
implies that all these terms are of the shape S™ 0 for m > 0, and thus that the X; cannot con-
tain a variable from ¥/, as their snnple type is of the shape Nat — k. It follows that, for every

index i € Z, X; 7/7 = Z’/7 This implies that &. = %, € DRed,, ,, and thus that
%
M[Z'/ 7] € TRed?, .

Suppose that p :: kK — &', Let r € [0,p). Since M 7/7 ] € TRedj, ,, there exists n, and v, < p

such that M 7 /7] =7 P, and that 2, € DRed;, ,. Lemma 29 implies that there exists a distri-
bution of values of pseudo-representation [X pi ‘ i e T ] a vector of variables 7 and families of

vectors (Z)z'ez’ (ZZ{)ZEI of the same length as 7 all such that 9, = [ ( il 2/7 ) ’ 1€ Z}

and that M[?/?] =0 & = {( Z’/?) | ’LEI:| Since 2, € DRed;, ,, there is a

Vr,p?

pseudo-representation %, = [(Z’- v ’ jed } Wltnessmg this fact. By Lemma 30, there exists
a pseudo-representation &, = [(X W k) 7 ) | ke IC} satisfying a series of additional

properties. These properties ensure two crucial facts for our purpose:

o M[Z)Z] =" [(Xk o k)/ﬁ) | kelC]andM[Z’/?} 318 = [(X,Q[ZT(,C;/?])’”% | ke/c],

e and [ (X,c 7r1(k)/7 ) | ke IC} is a pseudo-distribution witnessing that %, € DRed;,_

Setting u = { o)P!” | lel }, there exists therefore families (pj;);.cxc ;e and (qkl)ke,c,leﬁ
of reals of [0, 1] satisfying:
LWk €K, V€L X![Znu)/T)EVRed®
2.VkeK, Yiep Pt = D
3.VIeL, Yicx P = wlon),
4. p< Zkelc Zleﬁ Q1P
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We now prove that Yk € K, VI € £, X[[Z. /Y] € VRed®! . Let k € K and | € L. Let
o = 0 — v.

X! Zry 1)/ Y] € VRed!

aL,pP

—  Vge(0,1], VY € VRedj , X,g[zm(ki /Y Y € TRedd
: )/ YL ,
—  VYge(0,1], VY €VRed] , (X}'Y)[Zx, )/ V] € TRed
—  Vge(0,1], VY €VRed] . (X} Y)[Z, /Y] € TRedll' by IH
—  VYge(0,1], VY €VRed] , X[[Z. )/ Y]V € TRedll
: :
= X{Z. 4/ Y] € VRed2!

aL,p
— Py
This will implies that { (X,’c’ [Z;l(k)/ﬁ]) | ke IC} witnesses that &, € DRed;, ,, for the same
families of reals p}, and gi;. Now for every r € [0,p), there exists n, and v, < p such that

— —
M[Z'/ 7] 20 &, and that &, € DRed], ,: we have that M[Z'/%] € TRed”, .
O

The following lemma shows that reducible values are reducible terms:

Lemma 32 (Reducible Values are Reducible Terms) LetV be a value. ThenV € TRed’{’a1 ¥
if and only if V € VRed}, .

Note that, conversely, we may have V & TRede’ , where f is not Dirac. For instance, 0 €
TRed}, , for p = { (Nat)?, (Nat)* }.

Proof.

e Suppose that V' € VRed) . Let r € [0,p). We must prove that there exists n, and v,
such that V —7~ {V1 } and that {V1 } € DRed;mp. Necessarily n,. = 0 and v, = {01 }

Since V' € VRedy, ,, { Vi } € DRed;, ,: take the canonical pseudo-representation [Vl] and
pii=1,qu =r.

e Suppose that V € TRedf{’U1 Vo It follows that, for every r € [0,p), there exists n, and
v, such that V. —=7r {Vl} and that {Vl} € DRed;, ,. Again, since, V is a value, we
necessarily have n, = 0 and v, = {cr1 } Since {Vl} € DRed’V'hp7 there is a pseudo-
representation [V?1, ... VP ] such that >©" | p; = 1, and a family (g;1);c7 which is such
that » < > 7 pi1qi1, where p;; = p;.

Suppose that there is no ¢;; greater or equal to . Then Vi € Z, ¢;; < r and
Z Pigin < Z par = 7“2 bir =T
icT icT icT

which is a contradiction. So there exists ¢;1 > r and therefore V' € VRedgflp. By Lemma 22,
V € VRed, ,. Since the result is true for all » € [0,p), we obtain by Lemma 24 that

V € VRed] .
g

We finally deduce from the two previous lemmas the proposition of interest, relating the re-
ducibility of a recursively-defined term with the one of its unfoldings:

Proposition 4 (Reducibility is Stable by Unfolding) Letn € N and V = (letrec f = W)
be a closed value. Suppose that Z is the n-unfolding of V.. Then V € VRedy,s if and only if
Z € VRedy .

— P
—sp”

Proof. A direct consequence of Lemma 31 and Lemma 32. U
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6.7 Reducibility Sets vs. Reductions and Probabilistic Combinations

If a distribution, obtained as partial approximation of the semantics [ M | of a term M, is reducible
for a type pu,, then all the partial approximations of [ M ] obtained by iterating at least as many
times the reduction relation =, have the same degree of reducibility, for a greater type:

Lemma 33 Suppose that M =7}, 9, € DRed},  for p, < p, with Y7 p = 1. Suppose that, for

m>n, M =7 Dy,. Then there exists pn, < phm < b such that Dy, € DRedZWp.

Proof. Let u, = { (aj)p; ‘ 1€J } Since 2,, € DRedﬁmp, there exists a pseudo-representation

P = [VP | i€Z] and two families of reals (Pij)iez jes @0d (€ij);cz je s Such that

1. VieZ, VjeJ, V;e VRed?s

Tirp?
2.V €T, Yy Py = P
3.VjeT, Yier pij = P

4 p<Ylierdjes Gilij

By Lemma 3, we have Z,, < %, so that the distribution %,,, admits a pseudo-representation
D, = [Vip : | (RSWAC IC] extending the one of Z,,. We now need to define appropriate families
of reals (pj;) We set:

I€ETWK,jET and (qgj)iezwlc,jej'
eVieZ, VjeJ, péj = Dij)

e VieZ, VjeJ, qgj = qij,
eVicek,VjeJ, q¢; =0

and we choose the (péj) arbitrarily in [0, 1] under the constraints that Vi € K, > jeg P =

i€, jeT
piand that Vj € J, >, ruic Pij < (o). These constraints are feasible since Y, 7y Djes Pij =

Yicrwx Pi < 1= pu. We then set i, = {(%‘)Ziez% Pis ‘ VES j} < p. Let us check that
D, € DRed”

T

1.VieZ, VjieJ, Vi;eVRed? andVieK, VjeJ, Ve VRed?,N) as this set contains

oj.p
all terms of simple type (o;) b]y Lemma 21,

2. Vi€, 37 py; = pi by definition and Vi € K, > .., p;; = p; by construction,

3.V €T, Ylicrwx Pij = Hm(oj) by definition of i,

p

A

dier X jeq GijPij

Yier 2jes 4P +0

Dier 2jeg GjPij + Xiex 2jeg GiiPij
ZieI&JIC Zjej qz{jp;j

So 9,,, € DRed?

Hom s

O

When two distributions 2 and & are reducible, with respective degrees of reducibility p’ and p”,
their probabilistic combination 2@, & is reducible as well with degree of reducibility pp'+(1—p)p”,
for the distribution type computed by @®,:

Lemma 34 Suppose that (u) = (v), that 7 € DRedZ:p and that & € DRedfj:/p. Then pZ + (1 —

/+(17 ) 1!
p)& € DRed?, {1777,

44



Proof. Let u = {(aj)p;' | je J}. Since 7 € DRed”’

1.0
2 = [VP" | i€ZI] and two families of reals (Pij)icz jes and (Gij)icr je s Such that

there exists a pseudo-representation

L.VieZ, VjeJ, Vi€ VRed]s
2. Viel, Zjej Pij = Di,
3.Vi€T, dlier Pij = D

4.9 <Y ierdjeg UiPij-

v.p» there exists a pseudo-representation & =

Let v = {(Tl)Pi” ; le,c}. Since & € DRed?”

[W,f"‘ | ke IC] and two families of reals (pjy);ex e a0 (@) ek e Such that

L. VkeK, VieLl, WeVRedlt,
2. Ve, Y D = Pis
3VIeL, Yiex P = P/,
49" <D rex 2ier TP
We suppose that Z and K are disjoint, and that j € JNL < o, = 7;. To prove that pZ+(1—p)& €

DRedpp’+(1—p)p”

1Byip , we consider the pseudo-representation

P2+ 0 —-p)& = [V | ieI]+[W,§1*”)’"k' | kelC} (14)
and we write the distribution type p @, v as

{y | jeanano p+{@m i | jegnct+{@"" [ 1ec\@no}

Weset G = T+ K and H = J + L. We now need to define appropriate families of reals
(pgh)geg,hE'H and (qé’h)geg’heﬂ. We proceed as follows:

e ifgeTand heJ,p), = ppgn and ¢y, = qgn,

. ifgeIandhEL,p’g’h = Oandq;’h =0,

. ifgelCanthj,pgh = Oaﬂdq/g/h =0,

e ifgeKand heL, p), = (1—p)p,, and ¢, = ¢},

Let us prove that (14) together with these two families provide a witness that p2 + (1 — p)& €

DRedZZgB,:l,alp*p w by checking the four usual conditions. We write Z, either for V; or W}, depending

on the context. We write similarly 6}, for o; or 7;.
1.Vge G, YheH, Z;c VRedZihp is proved by case exhaustion:

e VgeZI, YheJ, V,eVRed", since 7 € DRed”,

Hap?

e VgeK, VheL, W,e VRed?", since & € DRed?

v,p)
e in the two remaining cases, q;’h = 0 and by Lemma 21 the result holds.

2. We proceed again by case exhaustion.

e g€, Y pey Pgn = 2nes Pgn+ 2ner Pgn = 2oneg PPgh = PPg-
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e Ifge Kk, Zhey p;’h = Zheﬁ (1 _p)p;h = (1 _p)p;]/'

3. We proceed again by case exhaustion.

e Suppose that h € T\ (T NL). Then }° 5 py, = D ez Pyp = 2yez PPgh = PP

e Suppose that h € L\ (T NL). Then >0 o Py = Dgex Pon = 2ogex (L —P)pg, =
(1 —p)py'.

e Suppose that h € JNL. Then Y o py, = Do ,ez Py T 2gex Pyn = PPyt (1—p)py’.

deg >hen q/g,hplg/h
= Ygez 2neg UgnPon + 2 gex 2ner IgnPon
= dez Y ohes QghPPgh + deic > hec q;h(l - P)P;h
pz/:gé(flzhe)J// ghPgh + (1 —p) deic > oher q;hpfqh
pp+(1—=p)p

VAN

It follows that pZ + (1 — p)& € DRedzz;;rV(’lp*p)p/,.

This lemma generalizes to the n-ary case of a weighted sum of distributions:

Lemma 35 Let (ui);cr be a family of distribution types of same underlying type. For every
i €Z, let 9; € DRed ). Let (pi)iez be a family of reals of [0,1] such that ) ;.; pi < 1. Then

ZiEI pi-@i S DRedEieI Piqi

d>ier Pilkisp”

Proof. Similar to the proof of Lemma 34. U

TRed is closed by anti-reduction for Dirac distributions, but also in the case corresponding to
the reduction of a choice operator:

Lemma 36 (Reductions and Sets of Candidates)

e Suppose that M —, { N' } and that N € TRed}, ,. Then M € TRed], .

o Suppose that M —, { N*,L'"?}, that N € TRed?, , and that L € TRed” . Then M €

!/ 1/
pp’+(1—p)p
TRedM@pU’p .

Proof.
e Since N € TRedﬁ_p, for every 0 < r < p there exists v, < p and n, € N such that

N=7 9, ¢ DRethp. Recall that ="+l = — o =" It follows that M =" 9, which
has the required properties, so that M & TRedﬁ}p.

o Let 0 <r < pp' +(1—p)p”. Let (+',r"”) be such that r = pr' + (1 —p)r”’, 0 <’ < p’ and 0 <
r"" < p". Since N € TRed? , there exists n,» and j,» < p such that N =4, 2, € DRed,

7y Kyt sp"
Since L € TRed} ,, there exists m,» and v,» < v such that L =" &~ € DRed, , .
Suppose that n,, < m,», the dual case being exactly symmetrical. By Lemma 33, by

m,.rn

denoting 2, the distribution such that N =, Z,~, there exists p,» < p» < p such
that 2, € DRed’, Now M =" pg . + (1 = p)&, and by Lemma 34 we have

Hor1,p
D + (1 —p)én € DRedﬁi,féi;ﬁ)’rp . Since by construction p,» @, vy X 1 @y v, We can
pp’+(1-p)p”
conclude that M € TRed g ", , .
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6.8 Subtyping Soundness

Reducibility sets are monotonic with respect to the subtyping order C:
Lemma 37 (Subtyping Soundness)

e Suppose that o C 7. Then, for every p € [0,1] and p, VRed} , C VRed? .

e Suppose that T v and that ) p = Y  v. Then, for every p € [0,1] and p, DRed}, , C
DRed? .
v,p

e Suppose that ;1 C v. Then, for every p € [0,1] and p, TRed}, , C TRed} .

Proof. The proof is by mutual induction on the statements following the shape of the simple type
refined by ¢ and pu, as earlier.

e Suppose that o :: Nat. Then 0 = Nat® and 7 = Nat® with s < v. Let V € VRed? . There
are three possibilities:

— FEithers = i andt = ?ﬁ/ with k < k’. Then V is of the shape S™ 0. If p = 0 the result
is immediate. Else we have n < [s], = p(i)+k < p(i)+ k" = [t], so that V € VRed? .
— Ors =1 andt = oo. In this case V is of the shape S 0 and therefore V € VRed? .

— Ors = t = oo. In this case 0 = 7 and the result is immediate.

e Suppose that ¢ = ¢/ — p and that 7 = 7/ — v. Let p € [0,1], p be a size environment,
and V € VRed? ). We have that 7/ C o’ and p C v. It follows, by induction hypothesis, that
VRed”, , C VRed?, , and that TRed?, , C TRed?, for every p’ € [0,1]. Since V € VRed? ,,
for every ¢ € (0,1] and W € VRed], , V W € TRed}!, C TRed}?,. As VRed}, , C VRed?,
V € VRed? .

e Suppose that p = {ij | J € j} and that v = {T,f;“/ | ke IC}. By definition of
subtyping, there exists f : J — K such that for all j € J, 0; E 74(;) and that for all
kekr, Zjef,l(k) p; < pj. Note that since > = > v, this is in fact an equality. Let
2 € DRedy, ,, then there exists a pseudo-representation 2 = [(Vi)P ’ i € 7| and families
(pij)ieI,jej and (qij)ieI,jej of reals of [0, 1] satisfying:

1. VieZ VjeJ, Vi€ VRedys
3' v] € ja ZiEI p’L] = p;,

4 p<Dier Zjej qijDij -
By induction hypothesis, for every j € 7, VRedg@"’p - VRedZ;j(j)’p. We now prove that
[(Vi)P" | i€ Z]witnesses that 2 € DRed}, ,. We need to define families of reals (pj,);c7 rex

and (qgk)iezJC cx satisfying the four usual conditions. To this end, for every i € Z, k € K,

we set
Pip = Z Pij
Jef~1(k)
and
', = max ¢
i jerty 1

Let us check that the four conditions hold.
1.VieZ Vkek, V;e VRedZi’*("J)’p by induction hypothesis and by definition of ¢,

2. VZ.GI, Zkel( plik = ZkelC Zjef—l(k) DPij = Ejej Dij = Di,
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3. V/]f €K, Yier Pin = Dier Ljes-1t Pis = Ljef-1(v) 2uiez Pis = Djef-1(w) Pj =
Pr>»

4.

Yier 2jeg %iiPii
i€T Zkelc ZJ'GJ’“(’C) 4ijPij

Yier Lkek Ljef-i(k) Gif)Pis

Yier 2kex Uk Ejef'*l(k) Pij

Yier 2kex UinPik

(I VAN IR VAN

It follows that 2 € DRed} .

e Suppose that y = {Uf; ‘ jE j} and that v = {T,f;“/ | ke IC}. By definition of
subtyping, there exists f : J — K such that for all j € J, 0; C 74(;) and that for all k € K,
Zjef—l(k) p;- < py- Let M € TRed}, . Then, for every 0 < r < p, there exists 1, < p and
n, such that M =7~ 7, € DRed),, ,. By definition of pj. < i, p; = [qu-'; | je ,,7} with

q; < pj for every j € J. We set v, = [T}Ifj) | je \7} which is such that > ul. = > v/
and, by construction, u!. C v/ so that we can apply the induction hypothesis and obtain that
M =7 9, € DRed,, ,. The result follows, since by construction v, < v.

O

6.9 Reducibility Sets for Open Terms

We are now ready to extend the notion of reducibility set from the realm of closed terms to the
one of open terms. This turns out to be subtle. The guiding intuition is that one would like to
define a term M with free variables in 7 to be reducible iff any closure M [7 /'] is itself reducible
in the sense of Definition 24. What happens, however, to the underlying degree of reducibility
p? How do we relate the degrees of reducibility of V with the one of M [7 /2']? The answer is
contained in the following definition:

Definition 26 (Reducibility Sets for Open Terms) Suppose that T' is a sized context in the

form x1 @ 01,...,xn : Opn, and that y is a variable distinct from x1,...,x,. Then we define the
following sets of terms and values:
OTRed. 1Y = (M | V(@) €[0,1", V(Vi,...,V,) €I, VRed% .

M[7/7] € TRedEZ’zl Qi}

OVRed},|? (W | Y@)ielo,]”, Y(Vi,....V,) €[lf, VRed

TP

W[V/j] € VRedggzl Qi}

(i
OTRed,, V1797 = UM | W(g)ie[0,1]", vV e[, VRed”

oi,p)
V(g)), €10,117, YW € e, VRed? .
MV, W/ y] e TRedZvP}

(P
OVRed,.,/ "'V = {z | W) e 0,17, YV €], VRed?

¥ (g}), €10,117, YW € e, VRed?,,
2V, W/ Ty € VRed;;p}
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where is called the degree of reducibility. the degree of reducibility « is defined as
o = (M) () - (20
1=1 jeJ JjeTJ

Note that this contains:

0|0 _ 1
OTRed)!? = TRed),
OVRed?!? = VRed,,
OTRed’v:tm"her = fm | v(q), €[0,1%, WV €(,cr VRed% ,

M[V/y] € TRedE:Ii)ez pigit1—(X, e pj)}

VRed?

€T Ti,P?

OVRed®|v:{m"her = fw | v(g), €[0,1]F, W e

W[V /y] € VRed2ser P01~ (Sies pj)}

Note alsothat these sets extend the ones for closed terms: in particular, OTRedgjpm = TRedi!p.

As for closed terms (Lemma 32), reducible values are reducible terms:

Lemma 38 (Reducible Values are Reducible Terms) For everyl', ©, o andp, V € OVRediL@

if and only if V € OTRedIEL?} o An immediate consequence is that OVRedl;,lpe - OTRedlg(IT?} o

Proof. Corollary of Lemma 32 and of the definitions of the candidates for open sets. O

The following easy lemma relates the reducibility of natural numbers, and will be used to treat
the case of the rules Succ and Zero in the proof of typing soundness:

Lemma 39 o VEVRed,., = SV eVRed ;
5 at®,p

p

e For every size s, 0 € VRedNatg)p.

Proof. First point:

e Suppose that V € VRedZ . and that p > 0. Then V = S™ 0 for some n < [s],. Then
at' ,p

SV = S" 0 satisfies n+ 1 < [5], = [s], + 1, so that S V € VRedi o1

att  p

e Suppose that V € VRedﬁatm,p or that p = 0. By definition, V. = S™ 0 for n € N. It follows

that SV € VRedﬁI .

at®,p
Second point:

e Suppose that p = 0. Then 0 € VRed’,:latg ) by definition.

e Else we need to prove that [s], > 0. But 5 is either oo, in which case [s], = oo, or it is of
the shape i for k > 0, and [ﬁkﬂp = p(i)+k>0.

0
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6.10 Reducibility and Sized Walks

To handle the fixpoint rule, we need to relate the notion of sized walk which guards it with the
reducibility sets, and in particular with the degrees of reducibility we can attribute to recursively-
defined terms.

Definition 27 (Probabilities of Convergence in Finite Time) Let us consider a sized walk.
We define the associated probabilities of convergence in finite time (Prnvm)neN,mEN as follows:
Vn € N, Vm €N, the real number Pry, ,, is defined as the probability that, starting from m, the
sized walk reaches 0 in at most n steps.

The point is that, for an AST sized walk, the more we iterate, the closer we get to reaching 0 in
finite time n with probability 1.

Lemma 40 (Finite Approximations of AST) Let m € N and ¢ € (0,1]. Consider a sized
walk, and its associated probabilities of convergence in finite time (Prn’m)nEN,mEN' If the sized
walk is AST, there exists n € N such that Pry ., >1—c¢.
Proof. Suppose, by contradiction, that there exists ¢ € (0,1] such that there is no n € N with
Pry ., > 1—e¢. Then lim,en Pry, m < 1 — €. But this limit should be worth 1 as we supposed the
sized walk to be AST.

O

The following lemma allows to treat the base case of Lemma 42:

Lemma 41 Suppose that V is a closed value of simple type Nat — . Then, for every Nat' —
w2 Nat — &, and for every size environment p such that p(i) = 0, we have V € VRed,l\,ataﬁu,p.

Proof. To prove that V € VRed: we need to show that for every ¢ € (0,1] and every

Nat?—p,p?
W € VRedy_, , we have that V W € TRed! ,. This is always the case, as VRed] )

P
set by definition: there is no term of the shape S™ 0 with n < p(i) = 0. O

is the empty

The following lemma is the crucial result relating sized walks with the reducibility sets. It
proves that, when the sized walk is AST, and after substitution of the variables of the context by
reducible values in the recursively-defined term, we can prove the degree of reducibility to be any
probability Pry, ., of convergence in finite time.

Lemma 42 (Convergence in Finite Time and letrec) Consider the distribution type p =

{ (Nat® — v[s; /i) | j€J}. Let T be the sized context 1 : Nat™,..., z; : Nat™. Suppose
that T'| f : pt=V : Nat' — v[i/i] and that p induces an AST sized walk. Denote (Pro,m),cy men
T|f:p

its associated probabilities of convergence in finite time. Suppose that V € OVRed '>°" _
Nat' —v[i/i],p

%
every p. Let W € Hézl VRed,l\,atriyp, then for every (n,m) € N%, we have that

letrec f = V[W/?] € VRed'mm

Nat! —v,p[i—>m)]
Proof. We prove the statement by induction on n.

e If n =0, we have two cases.

— If m = 0, then Lemma 41 implies that letrec f = V[V_[}/Y] € VRed;

N_a;:‘ﬂu,p[i»—)()]

so that by downward closure (Lemma 22) we obtain letrec f = V[W/Z] €
Pr

VRed ' "°

Nat! —v,p[i—0]"
— If 2 # 0, then Pr, ., = 0. The hypothesis of the lemma imply that letrec f =
VW /2] :: Nat — (v), and we conclude using Lemma 21.
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e Suppose that n > 1.

— If m = 0, the result is immediate as in the previous case.

— Suppose that m > 0. Then m = m’+ 1. By definition, s; must be of the shape T with
kj > 0 for every j € J. Weset T = {kj ’ jej} and q, = p; for every j € J.
The sized walk induced by the distribution type p is then the sized walk associated to
(Z,(g:)iez)), which from the state m’ +1 € N\ {0} moves:

— to the state m’ + k; with probability p;, for every j € J;
— to 0 with probability 1 — (Zjej pj).
It follows that

Pr’rL+1,7n’+1 = Z ijrrL,er’+kj + 1- Z pj (15)
JET JET

For every j € J, let us apply the induction hypothesis and obtain

Pr Ik
letrec f = V[W//?] € VRed, """

Nat! —v,plim/+k;]

By Lemma 26,

Pr ’ . Pr, . )
letrec f = V[W/Z] € VRed " — VRed, 7"t

Natt * —sui'7 /i] plirsm] Nat™s =vls; /1 plimm’]
Since this is valid for every j € J, we have that

letrec f = V[W/7] e N VRed, ' ki

Nat®s —vs; /i],p[ir+m’]
JjET
and since V € OVRed" | ¥ SO we obtain
Nat! —v[i/i],p[i>m/]

Yier PiPromir; + 1_<Zj€j Pj)
Nat! v [i/i],p[imsm/]

VW, letrec f = V[W/Z]/7,f] € VRed
which, by (15) and by Lemma 26, gives

V[V_[}, letrec f = V[W//?]/j’f] € VRed! Tmtim

Nat! —v,p[is>m/+1]
%
But this term is an unfolding of letrec f = V[W /'], so that by Corollary 4 we obtain

letrec f = V[W/%] € VRed 'm+im

Nat! —v,p[i>m)]

Now by definition Pry4+1,m > Pry.m, and by downward closure (Lemma 22):

letrec f = V[W/%] € VRed 'nm

Nat! —v,p[i>m]

6.11 Size Environments Mapping Sizes to Infinity

When m = oo, the previous lemma does not allow to conclude, and an additional argument is
required. Indeed, it does not make sense to consider a sized walk beginning from occ: the meaning
of this size is in fact any integer, not the ordinal w. Before we justify this understanding, we need
the following companion lemma.
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Lemma 43 Ifi pos o, then

o VRed? pliron] S VRed” plirsoo]’
P
° DRed“ plirsn] - DRed Plirsoo]”
. TRedlL plisn) TRed“ plirsoo]”
Proof.
e Let s =1 . We have [s]pis0) = n. Using Lemma 26, we obtain
P _ P
VRed i plimo) = VR ] = YR plinn
By the same lemma,
P _ _
VRed oo oo = VR ] = YR plinsoc)

Since i pos ¢ and s < 00, Lemma 16 implies that o[s/i] C o[co/i]. By Lemma 37, we obtain

VRed? C VRed” and thus VRed” C VRed”

os/i],p[i—0] oloo/i],p[i—0] o,plirn] o,plirroo]”

o Let 2 € DRed?

woplirn]”
{ (Uj)pj | jeJg }, there exists families (pij);c7 je 7 and (¢ij);cz je 7 Of reals of [0,1] sat-

It follows that 2 = [(V;)" ’ i €Z] and that, setting p =

isfying;:

. . qi,
LVieZ VjeJ, VieVRed?” .
2. Vi €T, Zjej Pij = Di,
3.V5€ T, Yier pij = ploy),

4. p<Yierdjeq GiiPij-

. . . qi,
Since Vi € Z, Vj € J, V; € VReda'Jp[ll—H'L}
DRed”

pyplirroo

o Let M € TRed# plivsn]” It follows that for every 0 < r < p, there exists v, < p and n, € N
such that M =7~ %, and %, € DRed,, But DRed/, ] C DRed? so that
M € TRed”

C VRedq” we obtain that ¥ ¢

jsplirroo]’
] using the same witnesses.

,pli—n]* v, plimn vy, plir>oo]?

,plirroo]”

d

The following lemma proves that oo stands for “every integer”. It proves indeed that, if a term
is in a reducibility set for any finite interpretation of a size, then it is also in the set where the
size is interpreted as oo:

Lemma 44 (Reducibility for Infinite Sizes) Suppose that i pos v and that W is the value
letrec f = V. IfW € VRed,\Iat oy plicn] for every n € N, then W € VRed?

Nat! — v, p[ir>00]

Proof. Suppose that i pos v and that, for every n € N, letrec f = V € VRed’,\’lat|_W plisn]” Let
W e VRedNat‘ plicso]” Then W = S™ 0 for some m € N. It follows that W € VRedﬁat‘ plismt1]”
But letrec f = V' € VRedy . . plisma] O that

(letrec f = V) W € TRed” e
By Lemma 43, since i pos v, we obtain that

(letrec f = V) W e TRedzp[Hoo]

It follows that
letrec f = V € VRed?

Nat! — v, p[irs00]
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6.12 A Last Technical Lemma

The following technical lemma will allow us to deal with the Let rule in the proof of typing
soundness.

Lemma 45 Let (¢:); € (0,1]", (¢}); € (0,1]™ and (¢{)r € (0,1]". Let L and G be two sets

of indexes. Let 0 < r" < (TT, @) (H;”:l qé) <H2:1 qg) Suppose that, for every 0 < r <
[1/2, 4, there exists two families (py,)icc.geg and (qf,)icc.geg of reals of [0,1] satisfying

Jj=1 Hj
r<> > v, (16)

leL geg

o> <t (17)

leL geg

and

Then there exists 0 < r < HT:l q; and a family (1, )iec,geg satisfying

n l
VieL, Vgeg, 0<r), < <H qz) <H q%) g (18)
k=1

i=1

and

<N Py, (19)

leL geg

Proof. Since " < ([[i, @) (Hﬁl qé) (Hi:l q%), there exists ¢ > 0 and VI € L, Vg €
G, €14 > 0 satisfying

n m l
0<e+d > ay< (H qi> II 4 (H q%) — " (20)
j=1 k=1

leL geg 1=1

We pick r such that

m

m
Hq§—6<r<Hq; (21)
j=1 j=1

and this induces families (pj,)iec,geg and (g],)iec,geg of reals of [0,1] satisfying (16) and (17).
We choose a family (17, )iec,geg such that

n l n l
VieL, Vgeg, (H Qi> (H q;’) Gy — €19 <77y < (H ql-> (H qZ) ay
i=1 k=1 =1 k=1

By (17) and since ([T, ) (H2:1 qg), we obtain from (20) that

n l n m l
(H ) (H )zz(n ) 10 (H )
i=1 k=1 i=1 j=1 k=1

leL geg
Thus

< (f[ qi> (E qZ) ﬁ 4 ) ) =2 2 phy

i=1 j=1 leL geg

By (21) and then (16):

e (H qZ) (H q> >3 vty | 30 X s

leL geg leL geg
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which rewrites to .
n
e X (M) (1) )
leL geg i=1 k=1
and by definition of (r;,)iez geg We obtain

<N TS iy,

leL geg

as requested. O

6.13 Typing Soundness

All these fundamental lemmas allow us to prove the following proposition, which expresses that
all typable terms are reducible and is the key step towards the fact that typability implies AST:

Proposition 5 (Typing Soundness) If T'|© - M : u, then M € OTRedE’L@ for every p.
Similarly, if T|OFV : o, then V € OVRedilpe for every p.

Proof. We proceed by induction on the derivation of the sequent T'|© F M : y. When M =V

is a value, we know by Lemma 6 that u = {01 }; and we prove that V' € OVRedg,lp@

By Lemma 38 we obtain that V € OTRedE"p@ for every p. We proceed by case analysis on the last
rule of the derivation:
We suppose in the following that I' is a sized context which can be enumerated in the form

for every p.

T1 : 01,...,%y : Op, and that y is a variable distinct from x4, ..., x,. We proceed accordingly to

the last rule of the derivation:

— Var: Suppose that I,y : 7]© + y : 7. Let (¢;); € [0,1]""! and (Vi, ..., V,, W) €
(H?zl VRedgfhp) x VRed?"f*.

e If © = ), we need to prove that y[?, VV/?7 y] = We VRedggjl1 9, This is immediate
since H?Jrll ¢ < Qn+1, using Lemma 22.

eIt O =z {6 [ jeT} let (), , € 0,17 and Z € (N, VReds,,. We

n+1 ) A
need to prove that y[V,VV,Z/?,y,z] = W € VRedg}':1 ql)(z"ejquj)- But, again,

1 . . )
(HZ:I qi) (Zjejqu§‘> < gn+1 since ¢; < 1foreveryd, ¢; < 1forevery jand } .. ; p; =
1. We conclude using Lemma 22.

— Var’: Suppose that I'|y : {7'} + y : 7. Let (¢;); € [0,1]"™" and (V3, ..., V,,, W) €
(ITi=, VRedZ ) x VRed?+'. We need to prove that y[?,W/?,y] = W e VRedTl_,[g:Jrl1 i,

This is immediate since H?:Jrll ¢ < Qn+1, using Lemma 22.

— Suce: Suppose that T'|© + SV : Nat®. Suppose moreover that © = 0. Let (¢;); € [0,1]"
and (W, ..., W) € [T\, VRedZ . We need to prove that (S V) [W/?] € VRedNHa"'t?pq'i. But

(SV) [V—[}/?] =S (V[W/?]) and, by induction hypothesis, V[W//?] € VRedl,\_lg%qui. By
Lemma 39, (S V) [V—[}/?] € VRedI,\E;?pqi and we can conclude. The case where © # () is similar.
— Zero: Suppose that T'|© F 0 : Nat®. Suppose moreover that @ = (. Let (g;); € [0,1]™ and

Vi, ..., Vo) € IT;—; VRedZ . By Lemma 39, 0[7/?} =0¢ VRedNna'Z?:’i. The case where
© # () is similar.
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— A: Suppose that T'|© + Ay.M : o = p,with® = z: {(r;)" | je T} Let (g); €[0,1]"
and (Vi, ..., Vo) € [Ti~; VRed? . Let (q}) €[0,1]7 and W € Njes VRedgé,p. We need
to prove that

JjET

M) [V, W), 2) = Ay M[V, W/ T, 2] € VRed izt 90) (Zses 2593)

Therefore, let ¢ € (0,1] and Z € VRedg:/p. We now have to prove that

(wMV,Ww/7.2) 7 e TRed? (T2 9:)(Zse #i3) (22)

But
(A;;.M[V,W/?,z]) Z =, M[V,W.Z/%, 2y

Since', z : ¢|© F M : pby typing, the induction hypothesis ensures that M[V, W, Z/Y, z,y] €

TRedZ,p(H;L=1 @) (Tieq vid5) and by Lemma 36 we obtain that (22) holds, which allows to con-

clude.
The case where © = () is similar.

— Sub: Suppose that T'|© + M : v is derived from T'|® + M : p where p T v. Suppose
that © = 0. Let (¢;); € [0,1]" and (V1, ..., Vi) € [[}2; VRedZ ,. By induction hypothesis,
M[V/ 2] € TRed[ =19 50 that by Lemma 37 we have M[V/ 7] € TRedlli=1 % which allows to
conclude.

The case where © # () is similar.

— App: Suppose that T, A, 2|0, ¥ - V W : u. Suppose that ©, ¢ = (). Weset I' =
Tl P 01,0, @p ¢ Oy A = Y1 @ T1,eesYm  Tmoand 2 = 21 : O1,...,2 : 6;. Let
(@:)i €10,1]", (¢}); € [0,1]™, (gi)x € [0, 14 Vi, ..., Vi) € [T, VRed% = (Wi, ..., W,,) €

gi,p?

| VRede:,p, and (Zy, ..., Z;) € H§c=1 VRedg: . We need to prove that

VW) V.W.Z/7.79.7] = VIV.W.Z/7.7.2) WV.W.Z/7.7.27] (23)
is in TRed (1= #) (I ) (T ),

e Suppose that [, ¢ = 0. Then we need to prove that (23) is in TRedg,p7
immediate by Lemma 21 as it is of simple type (u).

e Suppose that []}" ; ¢; # 0. It follows that Vi € Z, ¢; # 0. We have that I', A|0 + V :
o — p which, by induction hypothesis, gives that V' € OVRedg’f;#‘a. Note that for every
i € T we have o; :: Nat; since ¢; # 0, we have by definition of the sets of candidates

that VRed% = VRed! . Tt follows that V[V, W/%, 7] = V[V,WZ/Z,7,7] €

which is

VRed((,l;[%fol)(H;quj) = VRedg_%},gj. Since I', Z|¥ + W : o, we obtain similarly
from the induction hypothesis that W[?, W?/?7 Y, 7] € VRed(,H’%:1 . By definition
I1% 4

of VRed;27, ,’, we obtain that

m ’ 1 1"
VIV, W, Z2/7,7.7] WV, W, 2/7,7.7] ¢ TRed{[lm @) Ilerai)
n . m ’ l "
and by downwards closure (Lemma 22) we obtain that (23) is in TRedl(Lly_,[f=1 @) (T ) (i )
so that we can conclude.

The case where ©, ¥ # ) is similar.
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— Choice: Suppose that I'|© &, ¥ = M @, N : @, v. Suppose that © # () and that ¥ # (.
Weset@:y:{Tfj | jEj}and\Il:y: {(T,;)p;“ | kGIC}wherewesupposethat
jEe€INL S o; =71;. We obtain that

0@, ¥ = y: {7 | jeg\(nK)}+{@rtr | regnk}
I | kek\(TnK) |

Let (q:)i € [0,1]", (¢}); € [0, J'NIN (g, € [0, 1]V, (g)e € [0, 1]TOL (1, 1) €
[1;=; VRedZ  and

we () VRed’,n () VRed%,n () VRed’

TiHP
FJEIT\(ITNK) legnkK EeR\(TNK)

We need to prove that (M &, N) [7, W/ ,y] is in

TRed(H;L:l 0) (e rv(rni) PPIG TS 1e 7ok @D+ (1=D)P) A + X ke xov (7m00) 1—P)PRar)
U®pv,p
TRedp(HLI qi)(ZjEJ\(jﬁKZ) Pid+ e sk quz”)Jf(l*P)(H?:l Qi)(Zzeamc P1a;’ + X ern(7nK) P;q;c”)
p®p,p

Typing gives us that I'|© + M : u, which by induction hypothesis implies that

M[7 W/? y] c TRedl(Ll_,I,Ll ‘”)(EJEJ\(JNC) qua/""zzeymcplqi/)
Typing also implies that T'| ¥ + N : v, and provides by induction hypothesis

(HZL=1 qi)(ElemK pqul'*‘Zke)C\(jmc) PL'I;QH)

N[V, W/Z.y] € TRedss,

Since
o ) Fwr 2l >, { (@ ws2a) (87 wr2)

Lemma 36 allows to conclude.
The cases where © = () or ¥ = {) are treated similarly.

— Let: Suppose that T, A, 2|0, (ZieI pl\lll) Fletw = Min N : > 7 pi-p. Let
I' = o1 : 01,..,Zp : Oy, A = Y1 T1yeesYm & Ty and 2 = 21 @ O1,..., 2, @ 0.
Let (g:i): € [0,1]", (g3); € [0,1]™ and (q})r € [0, 1% Let (Va,..., Vi) € I, VRed?' ,

’

(Wi,..., W) € [II, VRed? ,, and (Z4,...,Z) € [[}_, VRedlt

Op.p° There are two subcases
,
here.

e Suppose that M is a value. Then the last typing rule is

I'A|@FM : o INZ,2:0|UFN:pu (T') = Nat
[,A, 20, UFlete = MinN : 4

We treat the case where © = ¥ = (), the two other ones being similar. We need to prove
that

(letw = Min N)[V,iW,2/2,7, 2] € TRedWier #)Iheq ) (Theex i) o)

We now distinguish two cases.

— Suppose that [],.7 ¢ = 0. Then (25) holds immediately since by Lemma 21 all the
terms of simple type (u) are in TRed?hp.
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— Else for every i € 7 we have VRed?! & = VRedi,W. Since ', A|©F M : o, we obtain

by induction hypothesis that M 7 W/? 7] e TRed((,Hpiez D{Ies qj) None of the

Z occur in M, SOM[7 w, 7/7 v, 7 GTRed ]EJ i . Since', Z, 2 : 0| TN :
11, we obtain by induction hypothesis that N 7 W, 7 M 7 7/7 7 27,7,

is in TRedgl;[{’ez #) (e ) (Mker q’”). Since none of the variables of I occur in this

term, we obtain

NIV, W, 2, MV, W, 2 /7,7, 21/%,7,7,2] € TRed{lber)eo @) Tucwai)
Now

(Iet:v:MlnN V}W?/?77
— etz = M [7W7/777mN7W7/?77

s (NP Z 2 2 222
- (PR 2R 2277779, 7.0)'

and it follows from Lemma 36 that (25) holds, allowing to conclude.

e Suppose that M is not a value. We treat in a first time the case where © = ¥ = (). The
case where © # () is exactly similar, while the case where ¥ # () reveals the reason why a
sum ». jeT qu; appears in the definitions of OTRed and OVRed. The last typing rule is

DAQFM : {ol" | heH} T,E,x:04|0FN:p, ()= Nat
T, A E[DFlets = MinN : >, p Ph-fin

We need to prove that

(letz = M in N) VW?/???}
—  letx = 7W7/777 in N[V, W,Z/7,7.7] (25)
€ TRed(H”EI a) (e 4) (TMkex @)

EhEH Ph Hh,P
We now distinguish two cases.

— Suppose that (IT;cz ) (Hjej q;) (ITyex @7) = 0. Then (25) holds immediately
since by Lemma 21 all the terms of simple type (3, 5, Pr-pin) are in TRedOZhEH on

Hhsp”
— Else, we use the induction hypothesis on T', A |} - M {O'Zh | heH } Since
(0;) = Nat, for every i € Z we have VRed? = = VRed},i’p. Together with the fact

that 7 does not appear in M, we obtain that

N [er 4
M[V’W,?/?77,7]ETRed{Uzh | hen b

By definition, for every 0 < r < HJ 1 qj7 there exists n,. and v,, = {O’pr g ’ geg, } <
{0 ’ hG’H}Wlthgrg?lsuchthat

MV W, 22,7, =™ 9, = [Xf“v’ | 1€, ] € DRed; ,

cg of reals of

rs9r

This implies the existence of two families (p],)iec, 4,€g and (g, )iec
[0, 1] satisfying in particular

<> Pty (26)

leL, geG,

o7



> <1 (27)

leL, g€gG,
VieL, > p, = (28)
9€g,
VgEG, D> Py = Prg (29)
lel,
and r
VieL,, Yg€G,, X;€VReds?, (30)

By (26) and (27), we can apply Lemma 45 and we obtain 0 < r < [[/., ¢} and a
family (17,)iec, geg, satistying

n l
VieL,, VgeG,, 0<r,< (H qi> (H q;’é) g (31)
=1 k=1

and
<Y S (32
leL geg
We now consider 7 to be fixed to this value given by the lemma, this providing Z,.,
v, and so on.
Since I', E,  : o, |0 F N : pp, we obtain by induction hypothesis using (30) that
for every | € £ and g € G we have

N[V, W, 2. X2, 7, 7.2] € TRed L= o) (ke ai)eiy (33)

By 31, there exists for every | € £ and g € G and index m;4 and a type /’(’;g C g such
that

NIV, W.Z,X\/7,7,7 .2 21" &, € DRed | (34)
Now set
m = max _ My,
leL,geg

By Lemma 33, we obtain types i, < y1j; < 1y and distributions &7, such that all the
reduction lengths are the same:

N[V, W.Z,X,/%,7,7.2] =&, € DRed? (35)

Ky P
Now it follows of (28) that
9, = [Xl”w | leL,, ge gr]
which allows us to use Lemma 4, obtaining that

(letw = Min N)[V,W,2/7,7.2] =0 S5 o, -4,

leL geg

By (35) and Lemma 35, we obtain that

s ’
T .éa/ DReleEL deg Pi,gTlg
D D by 6y € DReds T 0% Dt
leL geg

By (32) and downward closure (Lemma 22) we obtain

r ’ T//
§ : z : pl,g éalg € DReleeL deg p;.,gl‘;fg’p
leL geg

and since by (29) we have >, » 3> o Pl Ky =< Dopewn Prin We can conclude that

letz = Min N)[V.W,2/7.7.7] € TRedWier)([lies o) ([iex )

> hen Phibh,p

a8



— Case: Suppose that ', A|@ Fcase V of {S—W | 0— Z} : u. Suppose that ©@ = . We
set I' = z1 :01,...,2p topand A = y1 : T, s Ym : T
Let (g;); € [0,1]™, (q})j efo, 1™, (Vi, ..., V,) € H?zl VRedg"“p and (V{, ..., V)€ H;nzl VRed%,p.
We need to prove that

(case Vof {S—W | 0>2}) [7’ ‘7/?’7] c TRedeLl ) (TI72 4f)

i.e. that
— — —
case V[V, V//Z, 7] of {S= W[V V/Z,7] | 0-2[V.V//7, 71}
is in TRedE}},le)(Hﬁl%). Since T'|§) F V : Nat®, we have by induction hypothesis that
V[V/?] € TRedl{_[EKlltq;)1 " Since it is a value, we have by Lemma 32 the stronger statement
a v

that V[v/?] € VRedll\EtL?pqi which implies that V[?/?] is of the shape S* 0 for k € N
satisfying [, ¢; # 0 = k < [§],. The typing also ensures that none of the variables of
% occurs in V, so that V[V/?] = V[V, ‘7/?,7}

e If k=0, then

case 0 of {S—)W[?,W/?,?] | 0%2[7,7/7,7]}
= {(2[7,7/7,7])1}

Since A|@F Z : u, by induction hypothesis, we have that

— m g
Z[V' /9] € TRed =1 %

%
and also, by the typing hypothesis, that none of the variables of @ is free in Z[V’/ 7]

= —
so that Z[V'/ 7] = Z[?,V’/?,?]. But ], ¢ < 1, so that the downward-closure
property of Lemma 22 induces that

= n g (T, <
2[V V12, 7] € TRed\ L= ) (I i)
Now the closure by anti-reduction of Lemma 36 ensures that
— — —
case V[V, V' /%, 7] of {5 WV VZ, g | 0= 2V, V)7, 7] }

is in TRed,(}’_[p?:1 a:) (172, qj).

o If &k > 0, then
case SF 0 of {S— W[V, V//7,7] | 0 2[V,V//7, 7]}
- (w7 2. 7) 5 0)' |

By typing hypothesis, we have A|@ = W : Nat® — p and the induction hypothesis

= m g
provides W[V'/ 7] e TRed!l=1 % which, since none of the 7 appears freely in W,

{(Nat*—p)' },p
and by Lemma 32, implies that W[V, V//@, 7] € VRedlo:1 %

— Suppose that [T, ¢; # 0. It follows that k < [5], and therefore k — 1 < [s], which
implies that S¥~1 0 € VRed,l\‘atg,p. Since W[?,W/?,?] € VRedE%lq}, we obtain
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— m g
that (W[?,V’/?,?]) (S*710) is in TRedEflq]. By closure by anti-reduction
(Lemma 36), we have that

case V[V, V// 7, 7] of [s—wiv, VZ T | 0= 2V VR, T }

is in TRed,I}j,:1 " and by downward closure (Lemma 22) we obtain that it is also in

TRedEl;I,?Zl %) (I qj), from which we conclude.

— Suppose that H?:l q¢; = 0. Then all we need to prove is that
— — —
case VIV, V//Z, ] of {S— W[V V2, 7] | 0= 2(V.V/7, 7]}

is in TRedg’ ,- But this term has simple type () and by Lemma 21 the result holds.

The case where © # () is similar.

letrec: Suppose that I', A|© F letrec f = V : Nat® — v[t/i]. We treat the case where
A = © = (). The general case is easily deduced using the downward-closure of the reducibility
sets (Lemma 22). Let I' = z; : Nat™,..., z, : Nat™. We need to prove that, for every

family (¢;); € [0,1]" and every (W1,...,W,) € [\, VRed},.., ,, we have

i,p?

— — "

(letrec f = V)[W/Z] = (Ietrec f = V[W/?]) € VRedl,\_Igltfl_f;[r/i] ,
If there exists ¢ € Z such that ¢; = 0, the result is immediate as the term is simply-typed and
Lemma 21 applies. Else, for every i € Z, we have by definition that VRed[,,., p = VRedhatrin.
Since the sets VRed are downward-closed (Lemma 22), it is in fact enough to prove that for
every (Wi,...,W,) € [1I—, VRedy,, ,, we have

P

ﬁ
letrec f = V[W/Z] € VRedrl\natr—w[r/i],p

Moreover, by size commutation (Lemma 26),

= VRed}

Nat! —v,p[irs[r] 5]

VRedy,. .«

—ule/ilp

Let us therefore prove the stronger fact that, for every integer m € NU {oo},

letrec f = V[IW/7] € VRed!

Nat! —v,p[i—>m)]

Now, the typing derivation gives us that T'|f : u+ V : Nat' — Vﬁ/i] and that p induces an
AST sized walk. Denote (Pry m),, cN.men 1t8 associated probabilities of convergence in finite
time. By induction hypothesis, V' € OVRed" ' £# for every p and we can apply Lemma 42.

Nat'—v[i/i],p
It follows that, for every (n,m) € N,

letrec f = V[W/Z] € VRed nm

Nat! —v,p[i>m)]
Let € € (0,1). By Lemma 40, there exists n € N such that Pr, , > 1 —¢e. Using downward

closure (Lemma 22) and quantifying over all the €, we obtain

letrec f = V[IW/@] € (] VRed\:

Nat! —v,p[i—+m]
0<e<1

so that, by continuity of VRed (Lemma 24), we obtain

letrec f = V[IW/%] € VRed! (36)

Nat! —v,p[ir+m]

for every m € N, allowing us to conclude. It remains however to treat the case where m = oco.
Since i pos v and that (36) holds for every m € N, Lemma 44 applies and we obtain the result.
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This proposition, together with the definition of OTRed, implies the main result of the paper,
namely that typability implies almost-sure termination:

Theorem 3 Suppose that M € A, (). Then M is AST.

Proof. Suppose that M € Ag (i), then by Proposition 5 we have M € OTRedg)po) for every p. By
definition, OTReng[? = TRedllhp. Corollary 4 then implies that M is AST. O

7 Conclusions and Perspectives

We presented a type system for an affine, simply-typed A-calculus enriched with a probabilistic
choice operator, constructors for the natural numbers, and recursion. This affinity constraint im-
plies that a given higher-order variable may occur (freely) at most once in any probabilistic branch
of a program. The type system we designed decorates the affine simple types with size informa-
tion, allowing to incorporate in the types relevant information about the recursive behaviour of the
functions contained in the program. A guard condition on the typing rule for letrec, formulated
with reference to an appropriate Markov chain, ensures that typable terms are AST. The proof of
soundness of this type system for AST relies on a quantitative extension of the reducibility method,
to accommodate sets of candidates to the infinitary and probabilistic nature of the computations
we consider.

A first natural question is the one of the decidability of type inference for our system. In the
deterministic case, this question was only addressed by Barthe and colleagues in an unpublished
tutorial [19], and their solution is technically involved, especially when it comes to dealing with
the fixpoint rule. We believe that their approach could be extended to our system of monadic
sized types, and hope that it could provide a decidable type inference procedure for it. However,
this extension will certainly be challenging, as we need to appropriately infer distribution types
associated with AST sized walks in the letrec rule.

Another perspective would be to study the general, non-affine case. This is challenging, for two
reasons. First, the system of size annotations needs to be more expressive in order to distinguish
between various occurrences of a same function symbol in a same probabilistic branch. A solution
would be to use the combined power of dependent types — which already allowed Xi to formulate an
interesting type system for termination in the deterministic case [22] — and of linearity: we could
use linear dependent types [34] to formulate an extension of the monadic sized type system keeping
track of how many recursive calls are performed, and of the size of each recursive argument. The
second challenge would then be to associate, in the typing rule for letrec, this information contained
in linear dependent types with an appropriate random process. This random process should be
kept decidable to guarantee that at least derivation checking can be automated, and there will
probably be a trade-off between the duplication power we allow in programs and the complexity
of deciding AST for the guard in the letrec rule.

The extension of our type system to deal with general inductive datatypes is essentially straight-
forward. Other perspectives would be to enrich the type system so as to be able to treat coin-
ductive data, polymorphic types, or ordinal sizes, three features present in most system of sized
types dealing with the traditional deterministic case, but which we chose not to address in this
paper to focus on the already complex task of accommodating sized types to a probabilistic and
higher-order framework.
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