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We introduce a system of monadic affine sized types, which substantially generalizes usual sized types and
allows in this way to capture probabilistic higher-order programs that terminate almost surely. Going beyond
plain, strong normalization without losing soundness turns out to be a hard task, which cannot be accom-
plished 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 pro-
grams 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.
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1 INTRODUCTION

Probabilistic models are more and more pervasive in computer science [32, 36, 40]. Moreover, the
concept of the algorithm originally assuming determinism has been relaxed so as to allow proba-
bilistic evolution since the very early days of theoretical computer science [21]. All this has given
impetus to research on probabilistic programming languages, which, however, have been stud-
ied at a large scale only in the last 20 years, following advances in randomized computation [35],
cryptographic protocol verification [4, 5], and machine learning [25]. 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 examples 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 pro-
cess should be guaranteed to end. In (non)deterministic computation, this is easy to formalize, since
any computation path is only considered qualitatively, and termination is a Boolean predicate on
programs: any nondeterministic program either terminates—in must or may sense—or does not.
In probabilistic programs, on the other hand, any terminating computation path is attributed a
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10:2 U. Dal Lago and C. Grellois

probability, and thus termination becomes a quantitative property. It is therefore natural to con-
sider 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 semiautomatically checking
programs for AST have been introduced in the last years [13, 14, 22, 23]. All of them, however, fo-
cus on imperative programs. While probabilistic functional programming languages are nowadays
among the most successful ones in the realm of probabilistic programming [25], it 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.

In this article, 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 nontrivial variation on the sized types of
Hughes et al. [27], whose main novelties are the following:

e Types are generalized so as to be monadic, this way encapsulating the kind of information
we need to type nontrivial examples. This information, in particular, is taken advantage of
when typing recursive programs.

e Typing rules are affine: higher-order variables cannot be freely duplicated. This is quite sim-
ilar to what happens when characterizing polynomial-time functions by restricting higher-
order languages akin to the A-calculus [15, 26, 39]. Without affinity, the type system is bound
to be unsound for AST, as explained on page 6.

The necessity of both these variations is discussed in Section 2 below. The main result of this
article is that typability in monadic affine sized types entails AST, a property that is proved using
an adaptation of the Girard-Tait reducibility technique [24]. This adaptation is technically involved,
as it needs substantial modifications to deal with possibly infinite and probabilistic computations.
In particular, every reducibility set is parameterized by a real number p, and terms belonging to this
set are guaranteed to terminate, but only with probability p. The idea of parameterizing such sets
already appears in work by the first author and Hofmann [18], in which a notion of realizability
parameterized by resource monoids is considered. These realizability models are, however, studied
in relation to linear logic and to the complexity of normalization and do not fit as such to our
setting, even if they provided some 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 one
to take the limit and deduce that they are AST. This soundness result is technically speaking the
main contribution of this article and is described in Section 6.

Versions of This Article. This article extends the ESOP 2017 conference version [30] by the same
authors.

1.1 Related Work

Sized types have been originally introduced by Hughes, Pareto, and Sabry [27] in the context of
reactive programming. A series of papers by Barthe and colleagues [3, 6, 7] 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 in-
ference; see the unpublished tutorial [6]. Abel developed independently of Barthe and colleagues a
similar type system featuring size information [1]. 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 from our system in order to focus on the main
challenge, i.e., the treatment of probabilistic recursive programs. Another interesting approach is
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Probabilistic Termination by Monadic Affine Sized Typing 10:3

the one of Xi’s Dependent ML [41], 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 metric
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 fea-
ture ordinal sizes. See [1] 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 [1, 3, 27]. They
are related to Amadio and Coupet-Grimal’s work on guarded types ensuring productivity of infi-
nite structures such as streams [2]. None of these works deal with probabilistic computation, 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 [13, 14, 22, 23]. Most of the literature deals, invariably,
with some form of while-style language without higher-order functions. A possible approach is
to reduce AST for probabilistic programs to the termination of nondeterministic programs [22].
Another one is to extend the concept of the ranking function to the probabilistic case [13, 14, 23].
Bournez and Garnier obtained in this way the notion of the Lyapunov ranking function [8], but
such functions capture a notion more restrictive than AST: positive almost sure termination, mean-
ing that the program is AST and terminates in expected finite time. To capture AST, the notion of
ranking supermartingale [12] has been used. Note that the use of ranking supermartingales allows
one to deal with programs that are both probabilistic and nondeterministic [13, 23] and even to
reason about programs with real-valued variables [14]. Another but related line of work deals with
program logics and about how the latter can be useful in analyzing the termination behavior and
expected runtime of imperative probabilistic programs [29, 33, 34].

From a recursion-theoretic point of view, checking (positive) almost-sure termination is harder
than checking termination of nonprobabilistic programs, where termination is at least recursively
enumerable, although undecidable: in a universal probabilistic imperative programming language,
almost-sure termination is I1 complete, while positive almost-sure termination is =) complete
[28].

Some recent works by Cappai, the first author, and Parisen Toldin [11, 19] introduce type sys-
tems 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). This would limit the focus to terms in which infinite computations are forbidden,
while we want the set of such computations to have probability 0. In fact, the results we present
in this article can be seen as a first step toward a type system characterizing average polynomial
time, in the style of implicit computational complexity [16].

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 nontrivial extension of the system of
sized types originally introduced to ensure termination in the deterministic case [27].

Sized Types for Deterministic Programs. The simply typed A-calculus endowed with a typed recur-
sion 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 [27]

Indeed, Kleene algebra for partial recursive functions can be easily embedded into PCF and does not even require higher-
order recursion nor higher-order copying capabilities.
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10:4 U. Dal Lago and C. Grellois

refine the simply typed system by enriching base types with annotations so as to ensure the ter-
mination 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= 1] o0 |5,
where i is a size variable and 5 is the successor of the size s—with & = co. These sizes permit one
to consider decorations Nat® of the base type Nat, whose elements are natural numbers of size

at most s. 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 = S 0, 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. [3],
allows one to type recursive definitions as follows:

F,f:Nati—>Gl—M:Nati—>0'[?/i] i pos o
, 1
I+ letrec f =M : Nat® — o [s/i] 9
where i pos 0 means that i or one of its iterated successors only labels instances of Nat occurring
in the positive position (the formal definition is deferred to Figure 4). 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

Mppp = letrec f = Ax.case x of {S > Ay.SS(fy) | 0 >0},

computing recursively the double of an input integer, as the hypothesis of the fix-point rule in a
typing derivation of Mpgy is

f : Nat' = Nat + Ax.case x of {S > Ay.SS(fy) | 00} : 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:
I'rx:Natt TrAySS(fy): Natt > Nat Tro0: Nat
I'tcasexof {S—> AySS(fy) | 0> 0} : Nat

>

where T' = f : Nat' — Nat, x : Nat'. The soundness of sized types for strong normalization
allows one to conclude that Mpp; is indeed SN.

A Naive Generalization to Probabilistic Terms. The aim of this article is to obtain a probabilis-
tic, 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 € Ry 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 mo-
ment that we type the choice operator in a naive way:

I'rM:o I''F N:o
' M&, N : 0 '

Choice

2Choosing a reduction strategy is crucial in a probabilistic setting; otherwise, one risks getting nasty forms of
nonconfluence [20].
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Since the original system of sized types features subtyping, it allows some flexibility to “unify” the
types of M and N to o. However, it is easy to realize that this approach is too naive: all proba-
bilistic executions would have to be terminating, without any hope of capturing interesting AST
programs. Indeed, nothing has been done to capture the quantitative nature of probabilistic termi-
nation. An instance of a term that is not strongly normalizing but is almost-surely terminating—
meaning that it normalizes with probability 1—is

Mpias = (Ietrec f = Ax.case x of {S — y.f(y) ®: (f(SSy))) | 0—0 }) n, (2)

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

f: Nat — Nat® r 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 Mps, there is indeed a quantity that decreases
during each recursive call to the function f: the average size of the input on which the call is per-
formed. 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 T 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. In a sense, then, the distribution monad is not only ap-
plied to the operational semantics but also to types themselves. Contexts I' | ® will be generated
by a context I' attributing sized types to any number of variables, while © will attribute a dis-
tribution of sized types to at most one variable—typically the one we want to use to recursively
define a function. Terms themselves 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:

re+ ™ :pu 'Y+ N:v (y = (v)

Choice
ree,¥+ Mo, N : p®,v

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

The Fix-Point Rule. Using these monadic types, instead of the insufficiently informative typing
in Equation (3), we can derive the sequent

1
3

f {(Nati — Natm)% , (NatT—> Nat‘x’) } F Ay.f(y) CH (f(SSy))) : NatT—> 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

I,f:Nat > oFrM: Nat' — O'[?/i:l (5)
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10:6 U. Dal Lago and C. Grellois

of the original fix rule (Equation (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 y, and which
is as follows for the typing (Equation (4)):

e The random walk starts on 1, corresponding to the size 1.

e On an integer n + 1, the random walk jumps to n with probability % and to n + 2 with
probability %

e 0 is stationary: on it, the random walk loops.

This random walk—as all sized walks will be—is an instance of the one-counter Markov decision
process [10], so that it is decidable in polynomial time whether the walk reaches 0 with probability 1.
We will therefore replace the hypothesis in Equation (5) of the letrec rule by the quantitative
counterpart we just sketched, obtaining

{ (Natsf - V[sj/i]>pj | je [f}induces an AST sized walk
T|f : {(Nat‘"‘f Svls)” | e j} FV : Nat v [(]
I[,A|© F letrec f = V : Nat® — v[r/i]

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 one to type a
variety of examples, among which is the following program computing the geometric distribution
over the natural numbers:

letrec

)

Mexp = (letrec f = Ax.x @1 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:

Muyng = (letrecf = Ax.case x of {S - Ay.f(y) ®1 (f(SSy))) ‘ 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 decidable 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. There
is a price to pay, however: proving soundness turns out to be significantly more complicated than
in the deterministic setting, as we will show in Section 6.

Why Affinity? To ensure the soundness of the letrec rule, we need one more structural restriction
on the type system. For the sized walk argument to be adequate, we must ensure that the recursive
calls of f are indeed precisely modeled by the sized walk. This is not the case when considering,
for instance, the following term:

Myarr = (letrec f = Ax.case x of {S = Ay.f(y) ®: (f(SSy); f(SSy)) |o—o0})n ®

where the sequential composition ; is defined in this call-by-value calculus as

M; N = (Ax.Ay.0) M N.
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Probabilistic Termination by Monadic Affine Sized Typing 10:7

Fig. 1. A tree of recursive calls.

Note that Mpapr calls recursively f twice in the right branch of its probabilistic choice and is not
therefore modeled 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 the leftmost edges have probability
% and the 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 that terminates or two calls on 2 that 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 Mpupr 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 labeling 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 —1 X % +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 Myapr cannot be almost surely terminating.

Such general random processes have stacks as states and are rather complex to analyze. 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. This is in the spirit of certain systems from implicit computational complexity
[15, 26].

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 cannot be typed in this system.
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10:8 U. Dal Lago and C. Grellois

3 A SIMPLE PROBABILISTIC FUNCTIONAL PROGRAMMING LANGUAGE

We consider the language Aq, 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 Ag are defined
by mutual induction as follows:

Terms: M,N,... == V |VW/|letx=MinN | M®, N
| caseVof {S>W | 0> 27}
Values: VW, Z, ... == x]10]|SV | Ax.M | letrec f =V,

wherex, f € X,andp €]0, 1[ are rational. Whenp = %, we often write @ as a shorthand for 69% .The

set of terms is denoted A4 and the set of values is denoted Ag;. Terms of the calculus are assumed
to be in A-normal form [37]. This allows one to formulate crucial definitions in a simpler way,
concentrating in the let construct the study of the probabilistic behavior 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 in x y). In

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

Beyond Probabilistic Choice. The only operator in Ag exhibiting a genuinely probabilistic behav-
ior is ®,, whose evaluation corresponds to flipping a biased coin. One may wonder whether this
is a too limited form of probabilistic behavior. First of all, there is a large class of distributions
D such that there is a term Mp in our language modeling sampling from D. For example, one
could do so for the geometric distribution. In fact, we claim that all computable distributions on
the natural numbers can be captured this way [20]. This of course does not mean that one could
have continuous distributions in our language: 1q is discrete. Extending the language with a set
of parameterized discrete distribution symbols would not be too complicated and would not affect
our type system nor our termination result.

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 modeling the outcome of all of the finite probabilistic reduc-
tion paths of the term. For instance, the term Mgxp defined in Equation (6) evaluates to the term
distribution assigning probability 2,% to the value n. Let us define this notion more formally:

Definition 3.1 (Distribution). A distribution® on a set X is a function 2 : X — [0, 1], which is
strictly positive only on a countable subset of its domain, and that satisfies the constraint }, & =
Yrex Z(x) < 1, where Y, Z is called the sum of the distribution 2. We say that 2 is proper
precisely when ), 2 = 1. We denote by Px the set of all distributions over X whether they are
proper or not. We often simply write # for Px when X is clear from the context. We define the
support S(Z) of a distribution & as S(Z) = {x € X | Z(x) > 0}. When S(Z) consists only of
closed terms, we say that & is a closed distribution. When it is finite, we say that & is a finite
distribution. We call Dirac a proper distribution & such that S(2) is a singleton. We denote by 0
the null distribution, mapping every term to the probability 0.

3What we are defining here is usually called a subdistribution in the literature. Since this concept is used in such a wide-
spread way in this article, we prefer to stick to the less baroque terminology.
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Probabilistic Termination by Monadic Affine Sized Typing 10:9

When X = Ag, we say that & 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 3.2 (Representations and Pseudo-Representations). Let & € P be of support {x; |i € I},

where x; = x; implies i = j for every i,j € 1. The representation of 7 is the set 2 = {xi@(xi) lie
I}, where x? i) i just an intuitive way to write the pair (x;, Z(x;)). A pseudo-representation of

2 is any multiset [yfj |j € J ] such that
ViedJ. yj€S(2) VieI, P(x;) = Z -

Yj=xi

By abuse of notation, we will simply write 2 = [yfj | j€ 9] to mean that [yfj | jeJ]is
a pseudo-representation of &. Any distribution has a canonical pseudo-representation obtained
by simply replacing the set-theoretic notation with the multiset-theoretic one and keeping the
underlying index set unchanged.

Definition 3.3 (w-CPO of distributions). We define the pointwise order on distributions over X as
28 ifandonlyif VxeX, Z(x)<&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 3.4 (Operations on Distributions). Given a distribution 2 and a real number « < 1,
we define the distribution @ - Z as x = «a - Z(x). We similarly define the sum 2 + & 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 if
> P+ &<1.When ¥ < &, we define the partial operation of the difference of distributions
& — P asthe function V - & (V) — Z(V). We naturally extend these operations to representations
and pseudo-representations of distributions.

Definition 3.5 (Value Decomposition of a Term Distribution). Let Z be a term distribution. We

write its value decomposition as & D Dyv + Y1, where Py is the subdistribution of & whose
support consists of all the values of S(Z2), and Z|r = 2 — 2y is the subdistribution whose support
is the “nonvalues” contained in S(Z). Bothin |y and in Z)r, every element appears with the same
probability it has in 2.

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 # x R*® on Figure 2. The relation —, is in fact a relation on
distributions:

LEMMA 3.6. Let 9 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 read-
ability. As usual, we denote by —7 the nth iterate of the relation —,, with =% being the identity
relation. We then define the relation = as follows. Let 2 -1 & 2 &y + &j7. Then 2 =7 &jy.
Note that, for every n € N and & € P, there is a unique distribution & such that ¥ — &. More-
over, &]y is the only distribution such that 2 =7, &v.

ACM Transactions on Programming Languages and Systems, Vol. 41, No. 2, Article 10. Publication date: March 2019.



10:10 U. Dal Lago and C. Grellois

letx = VinM —, {(M [V/x])l} Ax. M)V —,, {(M [V/x])l}

Me®, N —, {MP,N'"*}

M —, {1V |ieT}
letx = MinN —, {(letx = L; in N)" \iEI}

caseSVof {SoW |02} —, {(WW)'}

case0of {S>W | 052} —, {(Z)l}

(letrec f = V) (cv_’v) sy {(V[(Ietrecf = V)/f] (c?v))l}

7 2 gy {MV | jeTt  Vied, M -, §
7 —, (Zjejpj'(gaj)*'gw

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

LEMMA3.7. Letn,m € N withn < m. Let D, (Dm, respectively) be the distribution such that M —7,
Dy M =T Dy, respectively). Then Dy < D

LEMMA 3.8. Letn,m € N withn < m. Let 9, (D m, respectively) be the distribution such that M =7,
Dy M =T Dy, respectively). Then Dy < Dy

Definition 3.9 (Semantics of a Term, of a Distribution). The semantics of a distribution & is the
distribution [Z] = sup,o({Zn | Z =7 Z,}). This supremum exists thanks to Lemma 3.8,
combined with the fact that (P, <) is an ©-CPO. We define the semantics of a term M as

(M1 = [{ M }].
COROLLARY 3.10. Letn € N and 9,, be such that M =7, 9,. Then 9,, < [M].

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

Definition 3.11 (Almost-Sure Termination). We say that a term M is almost-surely terminating
precisely when ) [M] = 1.

Before introducing typing, 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 3.12. Suppose that M =2 [V?i | i € I ] and that, for everyi € I, N[V;/x] =7 &;. Then
let x =Min N =mm+l S - p; - &
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What the lemma tells us is that the expected big-step evaluation rule for the let operator and
the relation =7 is indeed derivable.

4 MONADIC AFFINE SIZED TYPING

Following the discussion from Section 2, we introduce in this section a nontrivial 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 one 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 Ag

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: k, k’, ... ==
Nat | x — k', where, by convention, the arrow associates to the right. Contexts I', A, ... are
sequences of simply typed variables x :: x. We write sequents as I' - M :: k 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 an affine policy for contracting contexts.

Affine Context Contraction. The affine contraction I', A is partially defined as follows:

e x t keT\A = x = kel, A
e x : ke A\T = x :kel, A;and
o ifx s xeTandx = k' €A,
—ifk =k’ =Nat,x = k€T, A;
—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 (T, k) = {V €
Ag | THV = k}and Ag(T, k) ={M € Ag | T + M == k}. We simply write Ag(lc) = Ag((b, k) and
Ag (k) = Ag(0, k) when the terms or values are closed. These closed, typable terms enjoy subject
reduction and the progress property.

On the Expressive Power of Affine Typing. The reader may wonder whether affine types represent
too much of a constraint themselves, i.e., whether the expressive power of affinely typable A terms
is too low. Actually, affinely typable terms in Ag can be shown to capture probabilistic Turing
machines, following the classic encoding of Kleene’s function algebra into PCF. We do not include
this result in this article, but the reader can refer to [31] for some results on generalizing basic
recursion-theoretical constructions to probabilistic computation.

4.2 Monadic Affine Sized Types for Ag

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.
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I'w V :: Nat -
Var I''x tkFx Kk T F SV = Nat I' v 0 : Nat
. gt . ’ .
3 F,x..KI—M..K, 'V ik—ok A},-WK App
T AxM: k>« T,ARVW :k
. '+ M:k I'H N :«k
Choice T+ MGBPN T K
't M :: A, x :k+FN =k
Let - ;
I,Arletx = MinN =
Case T'rV :: Nat ArFW : Nat = k A+ Z =k
I'nArcaseVof {S>W | 0—>Z} =k
| I, f:Nat—>xrV : Nat—>xk Vx €T, x :: Nat
etrec I'tletrec f = V = Nat — «
Fig. 3. Affine simple types for Ag.
Sized Types. We consider a set S of size variables, denoted i, i, . .., and define sizes (called stages

in [3]) as
5,1 n= 1| oo |,
where = denotes the successor operation. We denote the iterations of ~ as follows: 5 is denoted 5,

S is denoted s, and so on. By definition, at most one variable i € S appears in a given size 5. We
call it its spine variable, denoted as spine(s). We write spine(s) = () when there is no variable in s.
An order < on sizes can be defined as follows:
s rt
s<s st s<5 s <00

Notice that these rules imply notably that & is equivalent to oo, i.e., 8 < oo and oo < &. 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 4.1 (Sized Types, Distribution Types). Sized types and distribution types are defined by
mutual induction contextually with the function (-), which maps any sized or distribution type to
its underlying affine type.

Sized types: o,7 u= o-pu | Nat’
Distribution types: U, voou= {crfi | ieT},
Underlying map: (o> py = (oy—>{(w
(Nat® = Nat
({of" liel) = (op

For distribution types we require additionally that }};c7 p; < 1, that I is a finite nonempty set,
and that (o;) = (0;) for every i, j € 7. In the last equation, j is any element of 7. We write o :: x
when k = (o).
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E— ineg o i pos p Vie I, iposo;
tpos Nat tposo — p ipos {of" | ieI}
ié¢s i pos o i neg Vie I, inego;

i neg Nat® inego — pu ineg{afilief}

Fig. 4. Positive and negative occurrences of a size variable in a sized type and in a distribution type.

The definition of sized types is monadic in that a higher-order sized type is of the shape ¢ — 1,
where o is again a sized type and y is a distribution of sized types. This is, by the way, reminiscent
of (and inspired by) Moggi semantics for the computational lambda calculus, in which terms of
type A — B are interpreted as [A]] = O[ B]l, where O is, indeed, a monad.

The definition of the fix point 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. The idea is that a size variable is positive when it annotates a base type that is itself in
the positive position, and conversely for the negative position.

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 4.2 (Contexts). Contexts are of the shape I' | ©, with

Sized contexts: I, A, ...

0| x:0,T (x¢dom(Q))
0| x:p

Distribution contexts: 6,9, ...

As usual, we define the domain dom(I') of a sized context I" by induction: dom(0) = 0 and dom(x :
0, T) = {x} W dom(T). We proceed similarly for the domain dom(®) of a distribution context ©.
When a sized context ' = x; : 01, ..., X, : 0, (n > 1) is such that there is a simple type k with
VYie{l, ..., n}, (o) =k, we say that T is uniform of simple type x. We write this as (I') = «.

We write ', 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 ® = 0 or ¥ = 0.

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.

Definition 4.3 (Probabilistic Sum of Distribution Types). Let y and v be two distribution types. We
define their probabilistic sum y @, v as the distribution type p - p + (1 —p) - v.

We extend this operation to a partial and n-ary operation on distribution contexts:

Definition 4.4 (Weighted Sum of Distribution Contexts). Let (©;);cy be a nonempty family of
distribution contexts and (p;);c s be a family of reals in [0, 1]. We define the weighted sum };c7 p; -
O; as the distribution context x : }};c7 p; - pti when the following conditions are met:

(1) Ix, Vie, ©;=x: u;
(2) v(l7]) € IZ’ <®l> = <®j>5 and
(3) and Yjer pi < 1.

In any other case, the operation is undefined.
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Definition 4.5 (Substitution of a Size Variable). We define the substitution s[r/i] of a size variable
in a size as follows:

ift/i] =x i[/il=i oo [1/i] = oo S[e/il = s [v/il,

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

(0= ) [s/] = o [s/i] > pls/i] (Nat®) [r/i] = Natl/!
({o? | ie ) s/l = {(ai[s/iDF" | ieT}.
We define the substitution of a size variable in a sized or distribution context in the obvious way:
0[s/i1]=0 (x : 0, 1) [s/i] =x : o[s/i], T [s/i]
(x ) [s/il =x = pls/i].

The following lemma shows that index substitution properly commutes with weighted sums of
types and contexts. It will be very useful in the sequel.

LEMMA 4.6.

(1) (5 ®p V)[s/i] = uls/i] @ vIs/il.
(2) For distribution contexts, (© @, ¥)[s/i] = O[s/i] &, ¥[s/i].
(3) For distribution contexts, (3;cr pi - 1i1)[s/i] = Yier pi - Li[s/i].

Proor.
(1) Let,uz{af;' | ieI}andv:{Tf}/ | j €9} Then
#[5{1] v[s/i]

{ “16]}5/1]691,{ ‘]EJ}S/I]
{(0', [s/iD) p, |1€I} {(T][S/I]). |]€j}
[

(

(1

(o7 [s/1])PP ‘ 16]] + [(rj [9/1])( ey € J]

e e ()" | jeg]) e
V) |5/t

(2) Supposethat® = x : pandthat¥ =x : v.Then® ®, ¥ = x : &, v.It follows from (1)
that ©[s/i] ®, ¥[s/i] = x : pls/i] ®, v[s/i] = x : (u®, v)[s/i] = (@ &, V)[5/i].
(3) The proof is similar to the previous cases. ]

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

Definition 4.7 (Subtyping). We define the subtyping relation E on sized types and distribution
types as follows:

ST tCo HEV
cCo Nat® C

3f I - 9, (ViEI, o; & TfU)) and (VjEj, Zief‘l(j) piqu)
{of” ieI}; {rjqf jej} .

Sized Walks and Distribution Types. As we explained in Section 2, the rule typing letrecs in the
monadic affine type system relies on an external decision procedure, computable in polynomial

Nat® c—opET—>vV
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time. This procedure ensures that the sized walk—a particular instance of the one-counter Markov
decision process (OC-MDP, see [10]), but which does not make use of nondeterminism—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 1. We then make precise the connection with
OC-MDPs, from which the decidability (in polynomial time) of the almost-sure termination of the
random walks follows.

Definition 4.8 (Sized Walk). Let I Cg, N be a finite set of integers. Let {p;};cr be such that
2ier Pi < 1. These parameters define a Markov chain whose set of states is N and whose tran-
sition relation is defined as follows:

e The state 0 € N is stationary (i.e., one goes from 0 to 0 with probability 1).
e From the state s + 1 € N one moves:

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

—to 0 with probability 1 — (3 ;c7 pi)-

We call this Markov chain the sized walk on N associated to (7, (p;i)ier). 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 4.9 (DECIDABILITY OF AST FOR S1zED WALKS). It is decidable in polynomial time
whether a sized walk is AST.

Proor. See Section 4.3. O

The role of sized walks in our type system is intimately related to recursion, in that types allow
one to reflect the recursive call structure of the typed term into a distribution type, which can then
be seen as a sized walk and thus appropriately analyzed with dedicated decision procedures. This
is the main idea behind the following definition:

Definition 4.10 (From Types to Sized Walks). Let = { (Nat¥ — v;)P7 | j € J } be a distribution
type such that Vj € J, spine (s;) = i. Then p induces a sized walk, defined as follows. First, by
definition, s; must be of the shape ?Cj with k; > O foreveryj € J. Weset I ={k; | j€ J}and
qk; = pj for every j € . The sized walk induced by the distribution type p is then the sized walk
associated to (7, (q;)ier))-

Example 4.11. Let y = { (Nat' — Nat"")%, (Nat?z — 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 that is
stationary on 0, and that on nonnull integers i + 1 moves to i with probability %, moves to i + 2
with probability %, and jumps to 0 with probability %. Note that the type u, and therefore the
associated sized walk, models a recursive function that calls itself on a size lesser by one unit with
probability 7, calls itself on a size greater by one unit with probability %, and does not call itself
with probability %.

Typing Rules. Judgments are of the shape I'|® + M : p. When a distribution p = { ¢! } is Dirac,
we simply write it as 0. The type system is defined in Figure 5. As earlier, we define sets of typable
terms and setAZ;V(FI(@,O') ={V | TIOrV :co}and ALl |O,u) ={M | T|O+M : u}. We
abbreviate A3Y (010, 0) as A3Y (o) and A% (0] 0, ) as A (o).

This sized type system is a refinement of the affine simple type system for Ag: if xy :
Ol ooy Xn t Op | f + pFM : v, then it is easily checked that x; :: (o1), ..., xn = (on), [ =
Uy F M (v).
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Var ILx:0|®@F x:0 INx:0Fx:0 Var
S T|® + V : Natt _ 7ero
ucc = ) 3
T|© F SV : Nat T[©F 0: Nat
ILx:0|®@FrM:yp e+ M™M:pu pucv
A Sub
e r AxM:o—-pu rer M:v
A IA|l®@ +rV:c—-ypu IZ|Y+W:o (') = Nat
PP LAE|OYFrVW:u
revrM™M:pu 'Y+ N:v )y = (v)
Choice
I,Al@rM : {o" |ieT} (T) = Nat
Let F,E,X:O’i|\PiI-NZ[1i (VZEI)
e — -
IAENO, (Kier pi-Yi)Fletx = MinN = Xcr pi- pi
o T|0rV :Nat®  A|®FW : Nat® - p AOFZ :p
ase ILA|OrcaseVof {S>W | 0>Z} :p
(') = Nat
i ¢ T and i positive in v and Vj € J, spine (s;) = i
{ (Nat¥ — v [sj/i])Pj | jegJ } induces an AST sized walk
PIf o {(Nat > v [s)” | jed}rv s Nat — v [i]
letrec I[,A|OFletrec f = V : Nat® — v[r/i]

Fig. 5. Affine distribution types for Ag.

LEMMA 4.12 (PROPERTIES OF DISTRIBUTION TYPES).
e 'NOFV : p = pisDirac.
e '\OFM : u = pisproper.

Proor. Immediate inspection of the rules. ]

4.3 On Sized Walks and Almost-Sure Termination

In this section, we prove Proposition 4.9 by showing how sized walks are a very special sort of
one-counter Markov decision process (OC-MDP) and using then a result of [10] to conclude. Please
note that in [10] the Markov decision processes are more general, as they allow nondeterminism.
They are called OC-MDPs and contain in particular all the deterministic OC-MDPs. We omit this
feature in our presentation.

Definition 4.13 (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 X V is a total transition relation, and Pr
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is a probability assignment mapping each v € V to a probability distribution associating a rational
and nonnull probability to each edge outgoing of v. These distributions are moreover required to
sum to 1.

Definition 4.14 (Deterministic One-Counter Markov Decision Process). A deterministic one-counter
Markov decision process (DOC-MDP) is a tuple (Q, 67, 5%, P=0, P>%) such that:

e (Q is a finite set of states;

e 550 CcOx{0,1}xQand §7° € 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 P=0 (P>0, respectively) is a probability assignment mapping every q € Q to a probability
distribution over the outgoing transitions of 6=° (5>, respectively) from q. These distribu-
tions are required to attribute a nonnull, rational probability to every outgoing transition,
and to sum to 1.

Definition 4.15 (Induced Markov Decision Process). A DOC-MDP (Q, 67, 6>°, P=°, P>?) induces
an MDP (Q X N, -, Pr) such that, forqg € Q andn € N:

e for every state ¢’ such that (g, m, q") € 6=°, (¢,0) = (q’, m), and the probability of this tran-
sition is the one attributed by P=°(q) to the transition (g, m, q’);

o for every state g’ such that (¢,m,q’) € 59, (g,n) — (¢’,n + m), and the probability of this
transition is the one attributed by P~%(q) to the transition (g, m, ¢’).

This MDP is said to terminate when it reaches the value counter 0 in any state g € 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 coincides with the
original sized walk. We will then obtain the result of polynomial-time decidability of termination
with probability 1 using the following proposition:

ProOPOSITION 4.16 ([10], 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:

Definition 4.17 (DOC-MDP Corresponding to a Sized Walk). Consider the sized walk on N asso-
ciated to (7, (p;)iczr). We define the corresponding DOC-MDP (Q, §=°,5>°, P=°, P>0) as follows.
Let us first consider the following set of states:

0 =1{qa> Qzero} Y {q1, ....qj—2 | j=max{ie T | i>2}},

where g, is the “main” state of the DOC-MDP and the other ones will be used for encoding pur-
poses. We define the transitions of §~° as follows:

e We add the transition (qzero» —1, Gzero) With probability 1.

e Foreveryj € {2,...,max{i € I | i > 2} — 2}, we add the transition (g;, 1, ¢j—1) with prob-
ability 1.

We add the transition (g1, 1, q) With probability 1.

Fori e I N{0,1,2}, we add the transition (g4, i — 1, g,) and attribute it with probability p;.
Forie I \{0,1,2}, we add the transition (gq, 1, q;—2) and attribute it with probability p;.
If1 - (Xier pi) > 0, we add the transition (g, —1, @zero) With probability 1 — (3 ;7 pi)-

Finally, we define 579 as follows: for every state ¢ € Q, we add the transition (g, 0, g) and attribute
it with probability 1.
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It is easily checked that, by construction, these DOC-MDPs induce the same Markov decision
processes as sized walks:

PROPOSITION 4.18. The sized walk on N associated to (I, (p;);cr) coincides with the induced MDP
of the corresponding DOC-MDP.

This allows us to deduce from the result of [10] the polynomial-time decidability of AST for
sized walks:

COROLLARY 4.19 (ProPOSITION 4.9). It is decidable in polynomial time whether a sized walk is
almost-surely terminating.

Example 4.20. Recall the sized walk from Example 4.11. The algorithm allows one to decide
that it is AST. It follows from the main result of this article, Theorem 6.36, that a program whose
recursion is modeled by the sized walk of Example 4.11, such as

Mpias = (letrecf = Ax.case x of {S - Ay.f(y) H (f(SSy))) ‘ 0—0 }) n,

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. The type system allows us to derive the
judgment

010F0®0 : {(Nat?);,(Nat?);}, )

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 { 0% b+ { 0% } = {0'} = [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:

[0%, 07 lisa pseudo-representation of [0 @ 0], and we attribute the type Nat® to the first element
of this pseudo-representation and the type N at’ to the other, obtaining the following closed

distribution of typed terms:
~ L =\
{(0 : Nat®)? ,(o : Nat“)z}. (10)

We can then compute the average type of Equation (10), which we call the expectation type of this
closed distribution of typed terms:

%.{(Natg)l} + %-{(Nat?)l} - {(Nat‘?);,(Na;); }

This type coincides with the one of the initial term (Equation (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 Z to obtain a closed distribution
of typed terms whose expectation type is . Let us now introduce the definitions necessary to the
formal statement of the subject reduction property.

Definition 5.1 (Distributions of Distribution Types, of Typed Terms).
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o A distribution of distribution types is a distribution & over the set of distribution types and
such that y, v € S(2) = (u) = (v).

o A distribution of typed terms, or typed distribution, is a distribution of typing sequents that
are derivable in the monadic affine sized type system. The representation of such a distribu-
tion has thus the following form: { (I; |©; v M; : p;)Pi | i € I }. In the sequel, we restrict
to the uniform case in which all the terms appearing in the sequents are typed with dis-
tribution types of the same fixed underlying type. We denote this unique simple type k as
().

o A distribution of closed typed terms, or closed typed distribution, is a typed distribution in
which all contexts are 0 | 0. In this case, we simply write the representation of the distri-
bution as { (M; : p;)?* | i€ I}, or even as (M; : p;)P when the indexing is clear from
context. We write pseudo-representations in a similar way.

o The underlying term distribution of a closed typed distribution { (M; : p;)?* | i € I }isthe
distribution { (M;)?* | i€ I }.

Definition 5.2 (Expectation Types). Let (M; : p;)?* be a closed typed distribution. We define its
expectation type as the distribution type E(M; : pi)P') = Yier pilti-

LEmMA 5.3. Expectation is linear:

° E((M, : yi)Pi + (NJ : Vj)qj) ZE((Ml : ﬂi)pi)-l-E((Nj : Vj)qj).
o B((M; : pi)P9") =p-E((M; = pi)T).

5.1 Subtyping Probabilistic Sums

LEMMA 5.4 (SUBTYPING PROBABILISTIC SUMS). Suppose that 3, (v @, £) = 1 and thatv @, £ C 1.
Then there exists v/ and &’ such that p=v' &, &', vE V', and £ C &'. Note that this implies that
S() US(E’) =S(p).

7

Proor. Letv = { Gf];' | ieZ}and & ={ T;)j | j €9 }. We assume, without loss of generality,

that 7 and J are chosen in such a way that, setting KX =7 N 7,
G, j) eI xT, oi=17 = i=jeK.
It follows that

V®p§={6fp; ) iEI\‘K} + {T.(l_p)p}/

J

jej\?{} + {afpﬁ(l*p)";/ | ie‘K}.

"

Set p = { Gf’ | Ie L}).Sincev®, & C pand ), (v@, &) = 1, there exists a decomposition:
p=[o

(note that the supports of these distributions may have a nonempty intersection), and this decom-
position is such that Vi € 7, ¢; E0; and Vj € J, 7; C 0;. We define v’ = { in | iel}and

ieT\K] + [0 | jegak] + [0 | kex]

& =H{ Qf’ | j €J }, which satisfy v C v" and & C ¢’ but also, by construction, p =v' &, {’. O

COROLLARY 5.5. Suppose that i = Y;cr pi - [i is a distribution such that i E v and that ), p = 1.
Then there exists a family (v;);er of distributions such that v = Y,;cr p; - v; and that, foralli € I,
Hi C v;.

Note that the requirement that ), y = 1 is not necessary to obtain this result, although it sim-
plifies the reasoning.

ACM Transactions on Programming Languages and Systems, Vol. 41, No. 2, Article 10. Publication date: March 2019.



10:20 U. Dal Lago and C. Grellois

5.2 Generation Lemma for Typing

A mandatory step in proofs of Subject Reduction is a generation lemma, which allow one to see
any type derivation in an inductive way even if the underlying type system is not syntax directed.

LEMMA 5.6 (GENERATION LEMMA FOR TYPING).

(1) 0|Orletx=VinN:p = d(v,0), 0|0+V :0candx : c|O0FN : vandvC p.
200 - VW :p = 3I(v,0), 0|10 FrV :0—->vand®|0 + W : candv C p.
3)0/0r AxM:0—->uy = 3Iv,7), x:7|0 + M:vandoCrandvC p.
4 010rM &, N:p = 3IAW,E), 0|10rM:vand@|O+N : £ with) (ve, &) =1
andv &, & T pand {u) = (v) = (&).
(5) 0|0rletx=MinN : v = 3(ZL,(01)icr> Pi)ier> (Wi)ier) such that
® Dier pi-HiEV,
o X (Xier pi-pi) =1,
e 0|0+M: (o | iel}),
[ ViEI, XZO'il(Z)I-NZ/li.
(6) 0|0rcase Vof {S>W | 0-Z}:p = d(s,v) suchthatOWI—V:Natgand
O|0+W : Nat® > vand@|O+r Z : v withv C pu.
(7) 010 Fletrec f=V : p = 3(pj)jes, (5))jes, 1) such that
o Nat' — v[r/i] C g,
o Vje g, spine(s;) =1,
e i ¢ I andi positive inv,
o {(Naty — v[s;/i])? | j € J }induces an AST sized walk,

o O|f : {(Naty - v[s;/i) | je T} rV : Nat — v[i/i].

Proor. By inspection of the rules, the key point being that the subtyping rule is the only
one that is not syntax directed, and that by transitivity of C we can compose several succes-
sive subtyping rules. In case (5), we have ) (};c7 pi - i) = 1 since it appears that 0 |0 + let x =
MinN : Y,cr pi- pti- Lemma 4.12 allows one then to conclude that this distribution of types has
sum 1. a

5.3 Value Substitutions

Definition 5.7 (Context Extending Another). We say that a context A | ¥ extends a context ' | ©
when (1) for every x : 0 € I' we have x : ¢ € A, and (2) either ® = ) or © = V. In other words,
A | ¥ extends I' | © when there exists = and ® such that A =T, Zand ¥ = ©, ®.

LEMMA 5.8. Let M be a closed term such thatT |© + M : p. Then for every context A | ¥ extending
'O, we have A|¥Y+M : p.

Proor. We proceed by induction on the structure of M. We set A =T, Zand ¥ = O, ®.

e If M = x is a variable, the result is immediate.

e If M = 0, the result is immediate. ~

e If M =SV, we have by typing rules that o = Nat® and that ' |® + V : Nat®. By induction
hypothesis, A|¥  V : Nat®, from which we conclude using the typing rule for S.

o IfM=Ax.N,wehaveo =7 - pandI',x : 7 |®F N : u. By definition, A,x : 7 | ¥ ex-
tendsT',x : 7 |©sothatwehave A,x : 7 | ¥+ N : p. The result follows using the Lambda
rule.
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o If M = letrec f =V, the typing rule is of the shape

(Iy) = Nat
i ¢ Iy and i positive in v and Vj € J, spine(s;) =t
{ (Nat¥ — v[s;/i])? | jeyg }induces an AST sized walk
Llf: {(Natsi — v[s; /i) | jE€ j} bV o: Nat — v[’i\/i]

letrec
I, 510 F letrec f =V : Nat' — v[r/i]

Let A = Ay, Ay, with A; the maximal subcontext consisting only of variables of affine type
Nat. Then

Al f e {(Nat‘:’f - v[gj/i])l’j

jed)}
extends

LIf: {(Natsf = v[si])” |jej}

so that by induction hypothesis Ay | f : { (Nat¥ — v[s;/i])’ | je T} FV : NatT - v[?/i]
so that we can conclude using the letrec rule again that

Ay, Ay | P+ letrec f =V @ Nat' — v[v/i].

o If M=V W, the typing derivation provides contexts such that T =T, I, I3 and that
0=01,0,with[}, |0 +V : 0 - pand I, I3]0, - W : o. By induction hypothesis,
I, 5, 210, &+ W : o, from which we conclude using the App rule.

o If M =let x = N in L, the typing derivation provides contexts such that I' = I3, I}, I3 and
that @ = Oy, Yier pi- Oz With [}, L [©; v M : {0 | ieT}and T, I, x @ 070 +
N : p;. By induction hypothesis, I, I, |01, ®+ M : {o*fi | i€}, from which we
conclude using the Let rule.

o fM =N®,L then®=0,®,0; with['|®@; + M : pandI'|®; + N : v. By applying
the induction hypothesis twice, we obtain T, 2|0y, ® + M : pandT, ZE|0,, ® + N : v.
We apply the Choice rule; it remains to prove that (81, ®) &, (©,, ) = 0; ®, O,, ®, which
is easily done by definition of ®,.

o If M=case Vof {S—>W | 0— Z}, the typing derivation provides contexts such that
=", Lwithl1|0rV : Natgandl“g |©FW : Nat® —» pandI, |©®F Z : p. Byinduction
hypothesis, I, 2|0, @+ W : Nat® - pand I3, 2|0, @ + Z : p, from which we conclude
using the Case rule. O

The key intermediate steps toward Subject Reduction are appropriate substitution lemmas. Here,
we need two of them: one for values and one for distributions.

LEMMA 5.9 (CLOSED VALUE SUBSTITUTION). Suppose that T, x : o|® + M : p and that 0|0+
V :0.ThenT|©+ M[V/x] : p.

ProoOF. As usual, the proof is by induction on the structure of the typing derivation. We proceed
by case analysis on the last rule:

e If it is Var, we have two cases:
—Ifthe conclusionisT, x : 0|0® F x : o,then x[V/x] = V. By Lemma 5.8, we obtain that
T|OFV : 0.
—If the conclusionis I', x : 0,y : 7|® F y : 7, then y[V/x] =y and we obtain I', y :
7|© F y : 7 using the Var rule.
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e Ifit is Var’, the situation is similar to the latter case of the previous one. The conclusion is
ILx:o0ly:7+F y:randy[V/x] =ysothat weobtainT |y : ¢ + y : 7 using the Var’
rule.

o If it is Succ, then M =S W and p = Nat®. We obtain by induction hypothesis that I'| © r
W[V/x] : Nat® and we conclude using the Succ rule that T'|© + (S W)[V/x] : Nat®.

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

o Ifitis A, suppose thatT, x : ¢|©F Ay.M : 7 — p. This comes fromI', x : o,y : 7|O +
M : p, to which we apply the induction hypothesis, obtaining that ', y : 7|© + M[V /x] :
1. Then applying the A rule gives the expected result.

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

LEMMA 5.10 (SUBSTITUTION FOR DISTRIBUTIONS). Suppose thatT'|x : {afi | iel}rM:p
and that, for everyi € I, we have® |0+ V : o;. ThenT |0+ M[V/x] : p

Proor. The proof is by induction on the structure of the typing derivation. We proceed by case
analysis on the last rule:

e If it is Var, we have M = y # x and y € T. It follows that y[V/x] = y and we obtain " |0 +
M([V/x] : p simply by the Var rule.

e If it is Var’, we have M = x so that M[V /x] = V. Moreover, the distribution { cffi | iel}
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+ V : o, Lemma 5.8 gives I'|Q + V : o, from which we
conclude.

e If it is LetRec, then x does not occur free in M. It follows that M[V/x] = M, and we can
derive I' |0 + M[V/x] : p using a letrec rule with the same hypothesis.

o All others cases are treated straightforwardly using the induction hypothesis. ]

LEMMA 5.11.

() T|®FSV : Nat* = T|OFV : Nat'.
(2)T|®F0 : Nat®* = dr, s=T1.
(3 T|OFSV : Nat®* = dr, s=T.

Proor. All points are immediate due to the typing rules introducing 0 and S. Recall that by the
subtyping rules, & = co. o

5.4 Size Substitutions

Another form of substitution that our type system implicitly implements is the one of sizes into
types, e.g., in the letrec rule. Some easy intermediate lemmas are needed to make sure that this
form of substitution is well behaved.

LEMMA 5.12 (SUCCESSOR AND S1ZE ORDER). Suppose thats < v. Then's <

Proor. By definition of %, if s < 1, there are two cases: either v = oo, or spine(s) = spine(r) =i
. n 4 , L .
withs =1 ,v =1 , and k < k’. In both cases, the conclusion is immediate. O

LEMMA 5.13 (S1ZE SUBSTITUTIONS ARE MONOTONIC).

(1) Suppose that s < t; then for any sizet and size variable i we have s[t/i] < t[t/i].
(2) Suppose that s < t; then for any sizet and size variable i we have t[s/i] < t[v/i].
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Proor.

(1) We proceed by induction on the derivation proving that s < r by case analysis on the last
rule.

Ifitis s < s, then s = r and the result is immediate.
If it is
s< n<r
s ’
then by induction hypothesis s[t/i] < u[t/i] and u[t/i] < r[t/i] so that we conclude
using this same deduction rule.
If it is s <5, we have r =5, and using the definition of size substitution, we obtain

r[t/i] =5[t/i] = s[t/i]. We conclude using the same deduction rule.
If it is s < oo, we have oo[t/i] = oo and we obtain immediately s[t/i] < co.

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

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

Ift =i +#1i thent[s/i] =] < i=t[/i].

If t =1, we have by induction hypothesis that u[s/i] < u[r/i]. We conclude using
Lemma 5.12.

If t = oo, t[s/i] = 00 < o0 = t[1/i]. O

LEMMA 5.14 (SIZE SUBSTITUTIONS AND SUBTYPING).

(1) If o C t, then for any size s and size variable i we have o[s/i] C r[s/i].
If u € v, then for any size s and size variable i we have p[s/i] C v[s/i].
(2) Ifipos o ands < t, we have o[s/i] E o[r/i].
Ifi pos p ands < v, we have u[s/i] € p[r/i].
(3) Ifineg o ands < t, we have o[t /i] E o[s/i].
Ifineg p ands < r, we have u[r/i] C p[s/i].

Proor.

1) We prove both statements at the same time by induction on the derivation proving that
p Yy p g
pUEv(oroC ).

If the last rule is 0 C o, then p = v = ¢ and the result is immediate.
If the last rule is

_~
Nat' C Nat®’
T

(Nat")[s/i].
If the last rule is

tCo HEV
copuC oV
then by induction hypothesis 7[s/i] E o[s/i] and p[s/i] € v[s/i], from which we con-

clude using the same rule.
If the last rule is

f 7 -9, <Vi€[, o; E Tf(i)) and (VjEJ, 2ief-1() PiSP})
{of |ieT) C {rﬁ jej}

13
we obtain by induction hypothesis that for every i € Zo;[s/i] T 77(;)[s/i], from which
we conclude using the same rule.

)
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(2) We prove (2) and (3) by mutual induction on y (or o). Let s < 1.

e If o = Nat!,

—Suppose that i pos Nat!. Note that this does not assume anything on t. Since s < 1,
we have (Nat!)[s/i] = Nat'l¥/1 C Nat!l'/1 = (Nat')[v/i], where we used the mono-
tonicity of size substitution (Lemma 5.13).

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

o fo=1—>y

—Suppose thati pos 0. Then i neg 7 and i pos p. By induction hypothesis, 7[r/i] E 7[s/i]
and p[s/i] E pfr/i]. By the subtyping rules, o[s/i] = t[s/i] — pls/i] E r[x/i] —
ule/i] = ofx/il.

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

o Ifu={ol |ieT},

—Suppose that i pos p. Then for every i € I we have i pos o; and by induction hypothe-
sis 0;[s/i] E oi[r/i]. We obtain that u[s/i] T u[r/i] using the identity as a reindexing
function.

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

LEMMA 5.15 (SIZE SUBSTITUTION). If I'|© + M : p, then for any size variable i and any size s we
have thatT'[s/i]|©[s/i] v M : p[s/i].

Proor. We assume that i ¢ s, without loss of generality: otherwise, 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.

If it is Var: we have I, x : ¢|© F x : o and deduce immediately using the Var rule again
that I'[s/i], x : o[s/i] |O[s/i] + x : o[s/i].

If it is Var’: we have I'|x : ¢ + x : ¢ and deduce immediately using the Var’ rule again
that T'[s/i] |x : o[s/i] + x : o[s/i].

If it is Succ: then M =S V and p = Nat'. By induction hypothesis, T[s/i] | ©[s/i] F V :
(Nat")[s/i]. But (Nat')[s/i] = Nat'l/ so that by the Succ rule T'[s/i]|©[s/i]FS V :
Nat'*/1]. We use the equality Nat*[*/1l = (Nat?) [s/i] to conclude.

o If it is Zero: the result is immediate.
o If it is A: we have M = Ax.N and g =0 — v. By induction hypothesis, I'[s/i], x :

ols/i]1®[s/i] + N : v[s/i]. By application of the A rule, I'[s/i] | ©[s/i] F Ax.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 I'| ® - M : v for v C p. By induction hypothesis,
I'[s/i]|©[s/i] + M : v[s/i]. But by Lemma 5.14 we have v[s/i] C p[s/i]. We conclude using
the Sub rule.

If it is App, we have M=V W and I' =13, I3, I3 and © = ©;, ©, with (I7) = Nat,
I, 10,V :0—-pand I, I3]0, - W : 0. Applying the induction hypothesis twice
gives I [s/1], Ib[s/i] | ©1[s/i1] F V : (0 — p)[s/i] and I1[s/1], T3[s/i] | O@z[s/i] F W : o[s/i].
Since o[s/i] — p[s/i] = (6 — p)[s/i], we can use the Application rule to conclude.

If it is Choice, then M = N @, Land p = v®, £ and ® = ©; &, ©; withT' |©®; - N : v and
I['|O; F L : &and(v) = (). The induction hypothesis, applied twice, gives I'[s/i] | ©1[s/i] F
N : v[s/i] and I'[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 4.6.

If it is Let, then M = (let x =N in L) and p=Y;c7 pi-viand ' =13, [, I3 and © =
04, Zie[ @2,1' withfl, IL|®;FN : {O';-gi |ieT} and,foreveryi eI, 1y, Iz @2,,' FL v
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and (I'1) = Nat. By repeated applications of the induction hypothesis,
L [s/i], T [s/i] 10 [s/i] + N = {of" | ie T |[s/i],
and for every i € 7,
I [s/i], I3 [s/1] 1©g; [s/i] F L = v [s/1].
We use in the first time the equality { O’ipi | i eI }s/i] ={(o:[s/i])P" | i € I } coming from
the definition of size substitutions. We conclude using the Let rule again and the equality
(Sier pi- v)[s/il = Yier pi- vils/i] from Lemma 4.6. i
e Ifitis Case,then M =case Vof {S>W | 0> Z}and T =T}, I, with I} [0+ V : Nat’
and I3 |© F W : Nat' — pand I3 |© + Z : p. We apply the induction hypothesis three
times and obtain I [s/i]|0+ V : (Nat")[s/i] and I[s/i]|O[s/i] + W :’g\latr — p)[s/i]
and I[s/i] | ©[s/i] + Z : u[s/i]. We use the equalities (Nat')[s/i] = Nat'l*/1l and (Nat' —
m)[s/i] = Nat'l®/1 — ;i[s/i] and then the Case rule to conclude.
o Ifitisletrec, we carefully adapt the proof scheme of [3, Lemma 3.8]. We have M = letrec f =
V and p = Nat® — v[r/j] and T =T, [, with
—(I1) = Nat,
—i ¢ Iy and i positive in v and Vj € J, spine (1;) =i,
—{(Nat¥V — v[r;/il)?» | j € J }induces an AST sized walk,
—and

o f {(Natrf S v[ui])” | e j} FV : Natl - v [ (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 [ ¢ I3, I, v, s. We apply the induction hypothesis to Equation (11) and obtain

R Lf s ({(Naew o v [ga))” [ Jed |)wine v (Nad - v []) Wi,
which, after applying a series of equalities and using the fact that i ¢ T}, coincides with
nf s ({ (N s [y il ) | e g ) kv Nad - v ]
but also with
f ({ (Nat"™ = v i) [ i 1)) | ) e j}) -V Nat vl [T].
We can apply the induction hypothesis again, and obtain after rewriting
/i) 1 5 ({ (Nat0 > w i) [ [ ] Gs/0) [ € T ) v v o Nat' = vl [T] (/i)

where we used the fact that Vj € J, spine (1;) =i # i so that (Natl/i)[s/i] = Natu[V/il,

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

Ls/i]lf {(Natff[‘/ﬂ — v s/ [ i ) | e j} FV o Nat' - v [ [s/4] [11] -
Additionally, we have:
—(Ti[s/i]) = Nat;
—1¢ T[s/i];
—1I positive in v[1/j][s/1] since | was positive in v;
—Vj € J, spine (v;[I/i]) = [ since spine (1;) = {; and
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—{ (NatvlVil - v[l/ills/11[x;[1/i1/1)? | j € J } induces the same sized walk, which is
thus AST, as { (Nat¥ — v[v;/i])?’ | j € J }. Indeed, only the spine variable changes
under the substitution [{/i].

Let t = r[s/i]. Since all these conditions are met, we can apply the letrec rule and obtain

Iy [s/i], I [s/i] | © [s/i] F letrec f =V : Nat' — v [1/i] [s/i] [t/1].
Since i, [ ¢ s and [ ¢ v, we can commute [s/i] and [t/I] and compose substitutions to obtain
T [s/i] |©[s/i] F letrec f =V : Nat' — v [t/i] [s/i],
which rewrites to
T [s/i] |©[s/i] - letrec f =V : (Nat' — v [t/i]) [s/i],

which allows us to conclude. O

5.5 Subject Reduction

We can now state the main lemma of subject reduction:

LEMMA 5.16 (SUBJECT REDUCTION, FUNDAMENTAL LEMMA). Let M € A% (i) and & be the unique
closed term distribution such that M —, 9. Then there exists a closed typed distribution { (L; :
viYi | jeJ ) such that E((L; : v;))?) = p, and [ (L;)? | j€ J ] is a pseudo-representation of
9. Note that the condition on expectations implies that | J;c g S(v;) = S(p).

Proor. We proceed by induction on M.

e Suppose that M = let x = Vin N, that 2 = { (N[V/x])! },and that @ | O + letx = Vin N : p.
By Lemma 5.6, there exists (£,0) suchthat 0|0 FV : candx : |0+ N : & with £ C p.
By Lemma 5.9, 0|0+ N[V/x] : & and since & C pi, we obtain by subtyping that 0|0
N[V/x] : p. It follows that { (N[V/x] : p)'}is a closed typed distribution satisfying the
requirements of the lemma.

e Suppose that M = (Ax.N) V, that = { (N[V/x])! }, and that @ |0 + (Ax.N) V : p. Apply-
ing Lemma 5.6 twice, we obtain that x : 7|0F N : £ and 0|O+V : ¢ with ¢ E 7 and
& C u. Applying subtyping to the second judgment gives 0|0+ V : 7, and we can ap-
ply Lemma 5.9 to obtain 0|0+ N[V/x] : £ Since & C p, we obtain by weakening that
0|0+ N[V/x] : p It follows that { (N[V/x] : p)!} is a closed typed distribution satisfy-
ing the requirements of the lemma.

e Suppose that M =N @&, L, that 2 =[NP, L'"?], and that 0|0+ N @, L : p. By
Lemma 5.6, there exists (£, p) such that [0+ N : £and @|O+ L : p with £ @, p C p and
2. (£ ®, p) = 1. By Lemma 5.4, there exists (¢/, p) suchthat y = &' @, p’,E C ¢’ and p C p’.
By subtyping, 0|0+ N : £ and 0[O+ L : p’. We consider the closed typed distribution
of pseudo-representation [ (N : &")P, (L : 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 =let x = N in L, that Z = { (let x = P; inL)p} | j€9J },and that 0|0+
let x = Nin L : p. By Lemma 5.6, there exists (7, (0;);er, (Pi)ier, (&i)ier) such that
—Qier Pi-GER
—0|0+N : {o" | ieT} and
—ViGI, X : O'il(bl—L : gi-
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This reduction comes, by definition of —,, from N —,, {P][.Jj | j€J}, towhich we can
apply the induction hypothesis: there exists a closed typed distribution

{Re = p?e | kex},

ie[}=z Py Pk

keK

which is such that

1

(o

and that [(Rg)P* | ke K ]isa pseudo-representation of { Pf’ | je g} It follows that,

"

for every k € K, we can write py as the pseudo-representation [of"i | i € I ]where some

of the p;’ (but not all of them) may be worth 0. This implies that, for all i € 7,
pi= ), Pipi-
keK
Now, for every k € K, we can derive O[O + let x = Rx in L = };c7 p;] - & from the rule

a

010-Re : {ol¥ |iel} x:0/10rL:& (Viel)

Ol0rletx=RrinL : Yicrpl &

sothat [(letx =RxinL : Xic7p)] - fi)p;‘, | k € K ]isapseudo-representation of a closed

typed distribution, whose expectation is

Z Py Zpl’c’i,'fi - Z <Z P;JP;J;)fi = Z pi - &

keK iel iel \keK iel

By Lemma 5.6, the sum of };c7 p;- & is 1, and it follows that ), g =1 as well. Since
Yier pi - & C p, applying Corollary 5.5 gives us a family (v;);cz of distribution types such
that, by subtyping, we can derive for every k € K the judgment 0|0 F let x = R in L :
Zier Py - vi- This family 7 satisfies moreover Y;c; p; - v; = p. We therefore consider the
closed typed distribution of pseudo-representation

Py
<letx:RkinL:Zp,’c’i'~v,~) ‘ke?{
iel

and of expectation type

D p;’~(zp;’{'vi)=zpi-vi=u

keK iel iel
Since [ (Rg : pk)PZ | k € K] isapseudo-representation of{Pf} | j €9 }, we have that
[(etx=ReinL: pp)k | ke ]
is a pseudo-representation of
{ (letx:Pj inL)P} | jEJ},

which allows us to conclude.
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e Suppose that M =case SV of {S— W | 0— Z}, that Z = {(W V)'}, and that 0|0 +
case SVof {S— W | 0 > Z} : pu.ByLemma 5.6, there exists s and ¢ such that® |Q + SV :
Nat®and 0|0 v W : Nat® — ¢ with ¢ C y1. Lemma 5.11 implies that 0|0 - V : Nat®. Using
an Application rule, we obtain that 0 |@ + W V : £, and subtyping gives 0 |0+ W V : p,
allowing us to conclude for { (W V : p)!}.

e Suppose that M = case 0 of {S —» W | 0 — Z}, that Z = {(Z)!}, and that

OO+ case0of {S>W | 02} : p.
By Lemma 5.6, there exists & with £ € p and such that 0|0 + Z : £. By subtyping, 0|0 +
Z : p, which allows to conclude for { (Z : p)!'}.
e Suppose that M = (letrec f = V) (c W), that 2 = { (V[(letrec f = V)/f] (¢ 1/_\)/))1 }, and that

010 F (letrec f=V) (c W/) : . We apply again Lemma 5.6, but this time we rather depict
the derivation typing M with p it induces, for the sake of clarity. This derivation is of the
form (modulo composition of subtyping rules):

74
H.yp T2
O f : {(Nat™ — Ew /i | je T}FV : Nat — £[i/i] : :
010+ letrec f = V : Nat' — £[t/i] 0|0+ cW : Nat'
Q)I(i)i—letrecsz:Natg—>p 0|0+cW : Nat®

010+ (letrec f = V) (cW) : p

where the two sizes appearing in the types for ¢ W are successors due to Lemma 5.11, and
where

— Hyp denotes the additional premises of the letrec rule, and contains notably i pos &,
—1r1<7T=<5=<tand

=&t/ £ p
It follows that, for every j € J, we can deduce that the closed value letrec f = V has type
Nat'y — &[u;/1], as proved by the derivation

75
Hyp -
01 {(Naty = En/iDP | je T} vV s Nat' - £ [i/i]
0|0 + letrec f = V : NatV —>§[uj/i] -

Since ~
01f : {(NatV — Qi) | je T |+ V : Nat' — &[],

we obtain by Lemma 5.10 that

010+ V [(etrec f = V) /f] : Nat' — E[i/i].

We now apply Lemma 5.15 to 0|0 + V[(letrec f =V)/f] : Natt —if[’i\/i] with the sub-
stitution [r/i] and we obtain that 0|0 r V[(letrec f =)/V]f : Nat' — £[t/i]. Using the
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Application rule, we derive 0|0 + V[(letrec f =V)/f] (c W) : £[t/i]. Since i pos ¢ and
T < t, by Lemma 5.14, we get that £[t/i] C £[t/i]. By transitivity of C, &[¥/i] T y, which

allows us to conclude by subtyping that 0|0 + V[(letrec f =V)/f] (c V_\}) : p. The result
follows, for { (V[(letrec f = V)/f] (c M_)/) )ty ]
THEOREM 5.17 (SUBJECT REDUCTION FOR —2). Letn € N, and { (M; : p;)Pi | i € I} be a closed
typed distribution. Suppose that { (M;)P* | ie T} - | (Nj)p} | j € T }; then there exists a closed
typed distribution { (L, : vi)Pk | k € K} such that
o B((M; : p)) = B(L : vi)#h), and |
o [(Li)Pk | k € K] is a pseudo-representation of { (N;)?7 | j € T }.

Proor. The proof is by induction on n. For n = 0, =9 is the identity relation and the result is
immediate. For n + 1, we have

(i | vez) =5 (w0 [1ec) o {05

jedg}.
We apply the induction hypothesis and obtain a closed typed distribution { (R, : :fg)f’g) | ge
G} satisfying E(M; : p;)P') = E((Ry : &,)P% ) and such that [ (R,)?¢ | g€ G] is a pseudo-
representation of { (Pl)p;' | € L}. Foreveryge G:
o if R, is a value, we set 7, = {R R'} and Ty to be the closed typed distribution .7 = { (T, :
(4)
pr)fr | heHy) =Ry : &),
o else Ry —, Z,. We apply Lemma 5.16 and obtain a closed typed distribution:
@
Ty ={ (Tn : pa)P | heH,|
such that E((Tj, : ph)Ph ) = &; and that [(Th) | h € H, ] is a pseudo-representation of
Dy.
We claim that the closed typed distribution defined as
{@e - )Pk | kex ) Z 7,
9eG

satisfies the required conditions. Indeed, the expectation type is preserved:
©)
B+ ) =B (R, + &)
- deg p(3) gg
(3) N
= Ygeg Py E((Tn : pn)n )
=E(Zgeq 05 T)
ZE({ (Lg : Vk)pk ‘ kG(](}).

Moreover, by definition of the family (Z)g¢g.

(R 1 1eLy=) p (R} o (NI 1jeTh=) pi 2,
9eG 9eG

The result follows from the fact that [(Th)P;n4) | heH,]is a pseudo-representation of 7, for
everyg € G. O
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5.6 Subject Reduction for =,

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

LEMMA 5.18. Suppose that M =, { Vipi | i €1} andthat M € A (u). Then there exists a closed
typed distribution { (W; : aj)p} | j €9} such that

o B(W; : 0j)") < p, and
° [(WJ)PJ/ | j € J ] is apseudo-representation of { (V;)P* | ie I }.

Proor. Wehave M —, I o Dr +{ Vipi | i € T }.ByLemma 5.16, there exists a closed typed
distribution { (L : vi)?* | k € K } such that E((Lk : v¢)P) = pand that [ (Lg)? | k€ K Jisa
pseudo-representation of . We consider the pseudo-representation [(Wj)p} | j €9 ] obtained
from [ (L)% | k € K ] by removing all the terms that are not values. Note that J € K. We obtain
in this way a pseudo-representation of { Vip " | i € T }, which induces a closed typed representation

((W; : v)) | je T ) such that E(W] : v)) < p -

THEOREM 5.19 (SUBJECT REDUCTION). LetM € Ay (u). Then there exists a closed typed distribution
{(W; : 0;)? | je T} suchthat

o E(Wj : gj)P7) < p,and
o [(W))Pi | je J]isa pseudo-representation of [M].

Note that E((W; : ¢;)?/) < 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 3 [M] = 1 and thus that the previous statement is an equality.

6 TYPABILITY IMPLIES TERMINATION: REDUCIBILITY STRIKES AGAIN

This section is the most technically advanced of the article and proves that the typing discipline we
have introduced indeed enforces almost-sure termination. As already mentioned, the technique we
will employ is a substantial generalization of Girard-Tait’s reducibility. In particular, 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 parameterized by a real number p, called the
degree of reducibility of the set. As Lemma 6.4 will emphasize, this degree of reducibility ensures
that terms contained in a reducibility set parameterized by p terminate with probability at least p.
These “intermediate” degrees of reducibility are required to handle the fix-point construction and
show that recursively defined terms that are typable are indeed AST—that is, that they belong to
the appropriate reducibility set, parameterized by 1.

6.1 Reducibility Sets for Closed Terms
The first preliminary notion we need is that of a size environment:
Definition 6.1 (Size Environment). A size environmentis any function p from S to N U {oo}. Given

a size environment p and a size expression s, there is a naturally defined element of N U {co}, which
we indicate as [[s]],:

° I[?l]]p = p(i) +n,
° [[oo]]p = o0.

In other words, the purpose of size environments is to give a semantic meaning to size ex-
pressions. Our reducibility sets will be parameterized not only on a probability but also on a size
environment.
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Definition 6.2 (Reducibility Sets).
e For values of simple type Nat, we define the reducibility sets

VRedﬂats,p = {S" 0 | p>0=n< [[s]]p} .

e 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? VeAy (o —m) | Yge(0,1], YW e VRed? ,, VW € TRed,?} .

oopp = { o.p
e Distributions of values are reducible with degree p when they consist of values that are
themselves globally reducible “enough.” Formally, DRedf,, o is the set of finite distributions
of values—in the sense that they have a finite support—admitting a pseudo-representation
2 =[(V;))Pi | i€ I] such that, setting p = { (oj)P} | j€J}, there exists a family
(pij)ier,jeg €10, 1] XITT of probabilities and a family (gij)ier,jeq € [0, 1] XTI of de-
grees of reducibility, satisfying:

()Viel, VjeJ, Vi€ VRedd ;
Viel, Yieq Pij =i
B)YjeT, Yier pij = p(oj); and
@) p < Yier Djeg qijbij-

Note that (2) and (3) imply that . 2 = Y. u. We say that [ (V;)?* | i € I Jwitnesses that
9 € DRedf,, p

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

TRed), , = {M € A (1)) | Vo<r<p, v, <p dn, €N,
M=7 9, and 9, € DRethp} .

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

The first thing to observe about reducibility sets as given in Definition 6.2 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 Section 6.9 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.

As a preliminary, 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 6.3.

e VeVRed . = SV eVRed
at®, p N

s

at’, p
e For every sizes, 0 € VRed” _ .
Nat®, p

Proor. First point:

e SupposethatV € VRed”:  andthatp > 0.ThenV = S" 0 forsomen < [s],. ThenSV =
at' ,p

S™+1 0 satisfies n + 1 < [5], = [s], + 1, so that SV € VRedij et
att  ,p
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e Suppose thatV € VRed‘;atm »OF that p = 0. By definition, V = S" 0 for n € N. It follows that
SV eVRed” _ .
Nat®, p

Second point:

e Suppose that p = 0. Then 0 € VRed‘:‘ R by definition.
at’,p

o Else we need to prove that [[s], > 0. But’s either is oo, in which case [s], = oo, oris of the
shape’i\k for k > 0, and [[?c]]p =p(i) + k> 0. ]

6.2 Reducibility Sets and Termination

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

LEMMA 6.4 (REDUCIBILITY AND TERMINATION).

o LetP e DRed,‘ip. Then ), 2 > p.
e LetMEe TRedz,p. Then Y [M] > p.

PRroOF.

o Let Z € DRed‘Z,p. Then there exists a pseudo-representation & = [ (V;)?* | i€ 1] and
families (pij)icr,jes and (qij)ier,jeg of reals of [0,1] such that Vi€ I, };cq pij = pi
and that p < 3 ;c7 Yjeq qijpij.- We therefore have

DIEADWEDIITIIDIDIT T IAENS
iel iel jeJ iel jeJ

e SinceM € TRed‘Z’p, forevery 0 < r < p, there exists n, with M =7 %, and 7, € DRed],_,.

From the previous point, we get that ), %, > r for every 0 <r < p. It follows from

Corollary 3.10 that )} [M] > r for every 0 < r < p and, by taking the supremum, ), [M] >

p. m
It follows from this lemma that terms with degree of reducibility 1 are AST:
COROLLARY 6.5 (REDUCIBILITY AND AST). Let M € TRedlll,p. 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:

LEMMA 6.6 (CANDIDATES OF NULL REDUCIBILITY).

o IfV € AY(k), thenV € VRed?,’p for every o such that (o) = k and every size environment p.

o Let 7 ={(Vy)Pi | i €1} bea finite distribution of values. IfVi€ I, V; € Ag(x), then 9 €
DRed(;,,p for every u such that (u) = x and ), p = Y, 2 and every p.

o IfM € Ag(k), then M € TRedZ’p for p1 such that (i) = k 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
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over VRed, DRed, and TRed, we typically prove it for VRed?

then for VRedg_,# P
for any distribution type for DRedz, p using the induction hypothesis on the VRedﬂy p fora € S(u),

Natt. p for any size s refining Nat, and

by using the associated hypothesis on TRed?, 1, p- Then we prove the property

and we prove it for TRedz, p using the induction hypothesis on VRed’g’ p- The point is that these
ingredients allow one 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 s: we prove
the statement on VRedp att, for all these sized types without using any induction-like hypothesis.
c . _ A\pi . P

Then we prove the statement for distribution types y = { (Nat*')?" | i € I } first on DRed), , by
using the results for the sets VRed”,
one for DRed

We then sw1tch to higher-order types and give the proof for VRed?”

Nat*, Then we prove the result for TRed‘Z’ p typically using the

7 which may use the
results for the other sets on types ¢ and . Typically, only results on TRed?, 1, p are used. Then the
proofs for DRed? _, 4, p and TRed? | 4, p 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:
Proor.

e Let V € AY(Nat). Every o :: Nat is of the shape o = Nat® for a size s. Let p be a size en-
vironment. 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?,’ o

e Let k = k" — k" be a higher-order type, with ¢ :: k" and p :: x¥”’. Let p be a size envi-
ronment, and V € AV(K) Let g € (0,1] and W € VRedg p> We need to prove that VW €
TRed0 . But, by definition of VRed(7 s

W € AY (k). It follows that V W € Ag(x”’), and we
can apply the induction hypothesis to deduce that V W € TRed’ , so that by definition
V € VRed] ,

o Let 7 ={(V;)?" | i€} be a distribution of values and p = {(Gj)p} | j€eT} = kbe
a distribution type. Suppose that Vi € I, V; € A} (x). Let p be a size environment. For
every (i,j) € I X J, we set p;j = Z_ZZ and ¢;; = 0. We consider the canonical pseudo-
representation ¥ = [ (V;)P* | i € I ] and check the four conditions to be in DRedg’p
(1)Viel, VjeJg, Vie VRedgj:fp: this is obtained by induction hypothesis
(QViel, Yjeq pij=pi:leti€ I;wehave }cq pij = Z” ZJEJ p] = XZ " =pi.
B)VjeTd, Yier pij = .U(Uj): let j € J; we have };er pij = 2 1 Dier Pi = X I

But 3 p =3, & so that the sum equals p; as requested.
(4)p < Xier Xjeg qijpij: this amounts to 0 < 0, which holds.
o Let M € Ag(x) and p = k. Let p be a size environment. Then M € TRed ,: the condition

Hp?

on M in the definition of TRed?ly pisforany 0 <r < 0sothatit’san empty condition in this
case. 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 g < p. The following lemma
makes this statement precise:
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LEMMA 6.7 (DowNWARD CLOSURE). Let o be a sized type, i be a distribution type, and p be a size
environment. Let 0 < q < p < 1. Then:

e ForanyvalueV,V € VRedI;,p = Ve VRedg’p.
e For any finite distribution of values 9, 9 € DRedf,,p = Y€ DRedZ,p.
e Foranyterm M, M € TRedﬁ’p — Me TRedZ,p.

Proor. 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 6.6. Let 0 < g < p < 1.

e Suppose that V € VRedﬂats’p. Since by definition p, ¢ >0 = VRedﬂats’p = VRedz‘ats’p,
and the result holds.

e Suppose that V € VRed'Z__)ﬂ’p. Then:

VeVRed ,, ,

= Vgqe(0,1], YW e VRedZ’P, VW € TRed}?,

— Vg € (0,1], YW € VRed? ,, VW € TRed??, (by IH, since 0 < qq’ < pg < 1)

& VeVRedl,, ..

e Suppose that 7 € DRedﬂ’p. Then there are a pseudo-representation 2 = [ (V;)?i | i€ I ]
and families of reals (p;j)icr,jes and (qij)ier,jeq satisfying conditions (1) through (4). We
have € DRedZ, p for the same pseudo-representation, since conditions (1) through (3) are
the same, and (4) holds as well since g < p.

e Suppose that M € TRedz,p. Then for every 0 < r < p, there exists v, < p and n, € N with
M =3 9, and 7, € DRed;,_,. So this statement also holds for every 0 < r < g and M €

TRed] ,. u!

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 g < p then it is also in the set parameterized by the degree p, we
use the following companion lemma computing a family of probabilities maximizing the degree
of reducibility of a distribution:

LEMMA 6.8 (MAXIMIZING THE DEGREE OF REDUCIBILITY OF A DISTRIBUTION). Let ¥ =
[(V;)Pt | i€ I] be a finite distribution of values and i = { (c;)?7 | j € J } be a distribution type.
Set gq;j =max{q | V; € VRedgj,p} for every (i, j) € I X J. Then there exists a family (p;j)icr,je g
of reals of [0, 1] satisfying:

(1) Vi e I, Zjej Pij = Pi> and
(2) VjeT, Lier pij = p(oj),
and which maximizes }icr Y jeq qijpij-

Proor. We use the theory of linear programming in the finite real vector space R”, taking [38]
as a reference. We stick to the notations of this book. The problem then amounts to showing the
existence of .

max{cx )xz 0,Ax=b}, (12)

where, supposing that we can index vectors and matrices by i X j thanks to a bijection i X j —
{1, ..., n}, wheren =#(Z X 9J):
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e x is the column vector indexed by the finite set 7 x J, where x;; plays the role of p;;;

e cis the row vector indexed by 7 X J, with ¢;; = max{q | V; € VRedgj’p};

e 0 is the null column vector of size #I X9);

e Aisthe matrix with columns indexed by 7 X J and rows indexed by 7 + 7, and such that:
—ay i,j) = lifand only if i = i’, and 0 else, and
—aj i, = lifand only if j = j’, and 0 else;

e b is the column vector indexed by 7 + J and such that b; = p; and b; = u(o;).

Following [38, Section 7.4], the maximum (Equation (12)) exists if and only if:

o the problem is feasible: its constraints admit a solution, and
e if it is bounded: there should be an upper bound over Equation (12),

and also, its existence is equivalent to the one of the maximum of the following problem:
max{cx | x2_0>, Axsb}. (13)

This reformulation makes the feasibility immediate for the null vector x = 0. It is also immediate
to see that the problem is bounded: by construction, all the g;; € [0,1], and };e7 Y jeq pij =1
so that };c7 Xljeq cijpij < 1. The existence of the maximum in Equation (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 6.9 (MAXIMIZING THE DEGREE OF REDUCIBILITY OF A DiSTRIBUTION II). Let & be
a finite distribution of values, p be a distribution type, and p be a size environment. Suppose that
9 e DRedﬁ,p for some real p € [0, 1]. Then there exists a maximal real pyqx € [p, 1] such that 7 €

DRed}"s and p’ > pmax = 2 ¢ DRed}, .

Proor. Let Z = [ (V;)?" | i € I ] be a finite distribution of values and p = { (O'j)p} | j€J }be
a distribution type. By Lemma 6.8, setting ¢;; = max{q | V; € VRede,p} for every (i,j) € I X 7,
there exists a family (pij)ies,jeg of reals of [0,1] that maximizes w = };c7 Yjeq qijpij- It is
immediate to see that any increase of a g;; to ¢’ is contradictory with V; € VRed?,;’ p» and that any
decrease of a g;; cannot increase w. It follows that p,ac = w. O

To analyze the letrec construction, we will prove that, for every ¢ € (0, 1], performing enough
unfoldings of the fix point allows to prove that the recursively defined term is in a reducibility set
parameterized by 1 — ¢. We will be able to conclude on the AST nature of recursive constructions
using the following continuity lemma, proved using Corollary 6.9 and thus using the theory of
linear programming:

LEMMA 6.10 (CONTINUITY). Let o be a sized type, i be a distribution type, and p be a size envi-
ronment. Let p € (0, 1]. Then:

° VRedf,,p = No<g<p VRedZ,p,
o DRed), , = No<y<p DRed} ), and
o TRed , = No<g<p TRed] ,.

Proor. Let o be a sized type, j be a distribution type, and p be a size environment. Let p € (0, 1].
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e If 0 = Nat® for some size s, then for every 0 < q < p we have VRedg’p = VRedg,p so that
VRed) , = No<gep VRed? ,.

e If o =7 — p, we proceed by mutual inclusions.
—VRed{:’p € Mo<g<p VRedZ,p is an immediate consequence of Lemma 6.7.

—Let us prove now that (Ny<4<, VRedZ,p c VRedﬂ,p.LetV € Mo<g<p VRedg,p;itfollows
that
Vg € (0,p), Vg’ €[0,1], YW € VRed? ,, V W € TRed??)
= Vg’ €[0,1], YW € VRed? ,, Vg€ (0,p), VW € TRed},
= Vg’ €[0,1], YW € VRed? ,, VW € Ny<y<, TRed]L.
But
(] TRedi®, = () TRed;, = TRed!, (by TH)
0<g<p 0<r<pq’
so that

Vg €1[0,1], YW € VRed?

o,p>
By definition, V € VRed'z, pe
e The inclusion DRedﬁ’p € Mo<g<p DRedZ,p is an immediate consequence of Lemma 6.7. Let

rq
VW € TRed}?,.

P € No<g<p DRedZ’p. Let (gn)nen be an increasing sequence of reals of [0, p) converging to
p.ForeveryneN, 7 € DRedZ:‘p so that by Corollary 6.9 there exists a real pmax.n € [qn, 1]
such that & € DRede”;x’" and p’ > pmaxn = 2 ¢ DRedﬁz p- It follows that all the pygx,n
coincide, and that they are greater than sup, .y qn, = p. So Z € DRedﬂ’ o

e The inclusion TRedf,,p € Mo<g<p TRedZ’p is an immediate consequence of Lemma 6.7.
Let M € Mo<q<p TRedZ,p. We need to prove that M € TRedﬁ,p, that is, that for every 0 <
r < p there exists v, < p, n, €N, Z, such that M =7 2, and that 2, € DRedCr,p. Let

pr

r € [0,p). Since M € TRedﬂfp and % > r, we obtain the desired v, < p, n, € N, &, 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 param-
eterizing a reducibility set relate with the interpretation of size variables contained in the size
environment that also parameterizes it. We prove first the following lemma, which will be used as
a companion for this result:

LEMMA 6.11 (COMMUTING S1ZES WITH ENVIRONMENTS). Leti be a size variable; s, v be two sizes;
and p be a size environment. Suppose that s = co or that spine(s) # i. Then [x[s/i]], = [[r]]p[i,_>|[g,]]p].
Proor. By case analysis.
o Ifr=7" fori#i,thenr[s/i] = rand [r], = p(}) + n = [*]psps, -

o Ifr 2?1, then
—if's =?" for i # 1, then r[s/i

1= ?Hm and

[e(s/illp = p() +n+m =1 Tp+n =0l +n = Dfinger,] = D fimge, )

—if s = oo, then 1[s/i] = co and [x[s/i]], = 00 = [T pfimsgsp,)-
o Ifr = oo, then1[s/i] = v and [r]], = 00 = [T ppimspen,)- O
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The last fundamental property about reducibility sets that 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 6.12 (S1ze COMMUTATION). Let i be a size variable, s be a size such that s = oo or that
spine(s) =i # i, and p be a size environment. Then:

. VRedP iy = = VRed”, plimlsl, 1

e DRed” uls/ilp DRedﬂ plimsls1,)’ and

¢ TRedp uls/ilp TRedu plimlsl,l
Proor.

o The first case to consider is 0 = Nat® for some size r. Using Lemma 6.11, we have that

— P
VRed(Natr Vsrilp = VRedNat“[‘-‘/*l,p

{S”O ‘ p>0=n<x [s/i]]]p}

{Sno ‘ p> 0=—=n< [[r]]p[iH[‘-”]]p]}

VRedNat‘ plimlslo]

e We then consider the case of the sized type 0 — p :: ¥” — k”’. We have

4
VRed(UHu)[b/t]
= VRed{ (o erip
- {VeAV (o [s/i] > uls/iD) | Vg e (0,11, VW € VRed? . . VWeTRedp?/[ }
— 14
= {veAlo—mw) | Yge (0.1], YW e VRed! . () VW e TRed)? IHMP]}

= VRedy e,

where we used the induction hypothesis twice, once on k” and the other time on k”’.

e Let Z be a finite distribution of values and y = { (o) g | j € J } beadistribution type. We
have that p[s/i] = { (o; [s/i])"i | j€ T }. Suppose that 7 € DRedp (</iL.p
a pseudo-representation ¥ = [ (V;)? | i € 7 ] and families (p,])lef,jej and (gij)ier,jeg of
reals of [0, 1] satisfying:

qi
()Viel, VjedJ, V; e VRed ’5/1
(2)Vie 1, Z]ej Pij = pis
B)Vie T, Xier pij = p(oj); and
@ p < Dier e qijPij-
But (1) is equivalenttoVie I, Vje J, V; € VRedq”
follows that 2 € DRed”

. Then there exist

plirols1,] by induction hypothesis. It

The converse dlrectlon proceeds in the exact same way.

wplimlsl,]
e Then, M € TRed” if and only if
puls/il,p
MeAg () andVO<r<p, v, K p, In, €N, M =2 P, and 9, € DRedr [s/il. p
if and only if, by induction hypothesis,
MeAg () andVO<r<p, v, < p, In, €N, M=>2 P, and 9, € DRed plisls],]

that is, if and only if M € TRed” o plim ],
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6.6 Reducibility Sets Are Stable under 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 fix
point of the function defined by W.

Definition 6.13 (n-Unfolding). Suppose that V = (letrec f = W) is closed; then the n-unfolding
of V is:

o Vifn=0;
o W[Z/f]ifn=m+1and 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 this behavioral 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 6.14.

o LetV = f and W € Unfold(letrec f = V). Then W = letrec f = V.
o LetV =x# f and W € Unfold(letrec f =V). Then W = letrec f =V or W = x. More pre-
cisely, the n-unfoldings forn > 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 [X] and M[Z’[X], where X 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.

_)
LEmMMA 6.15. Let V = (letrec f = W) be a closed value. Let%, ?, Z' be a vector of variables and
two vectors of terms of Unfold(V), all of the same length. Let M be a simply typed term with free

variables contained in X, all typed with the simple type of V. Suppose that M[?/?] —u 2. Then

there exists Ny, ..., Ny, a vector ofvariables—y> and Z, e Z—n), Z, e, Z_,’Z € Unfold(V') of the same
- = . o o .

length asyj and such that 9 = { (N;[Z;/71)P* } and moreover M[Z'[X] =, & = {(Ni[Zl.'[?)])f” ).

Proor. We prove the result by induction on the structure of M.

e The case where M is a variable cannot fit in this setting: either M = y ¢ X and there is no

— —
reduction from M[Z /X] or M = x; € ¥ and there is no reduction either from M[Z /X] = Z;
since it is a value. We can similarly rule out all the cases where M is a value.

e Suppose that M = V; V5. 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:
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—IfV; = x; € X, we distinguish four cases:

— —
* Suppose that Z; = Z] are both the 0-unfolding of V. Then M[Z[X] = M[Z’ /%] and
the result follows immediately from

M[?[?] = (letrecf:W)Vz[?/?]

(letrec f = W) (S™ 0)
—o { (W [letrec f =W/f]) (S™0))" },

where in the second line the shape of V; 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
WZR] - wlzis] wErR)

where Z" is the (n — 1)-unfolding of V, and that

M[?’/Tc)] = (letrec f = W) Vg[?/?]
>, {((W [letrec f = W/f]) Vg[?/?])l }

Notice that this reduction is possible since the constraint of simple typing implies that
V; is of the shape S™ 0 for some m > 0. We can therefore rewrite the two terms as

M[ZR] =W [z"/f] (5™ 0)
and
M[Z[R] o {(Wlletrec f = W/f]) (5™ 0))'}.
We need to distinguish four cases, depending on the structure of W.
e Suppose that W is a variable different from f. Then by Lemma 6.14, there cannot be
a step of reduction from M [? /%].
e Suppose that W = f. Then by Lemma 6.14, we have Z; = Z] = Z" so that M[?/?] =

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

M[Z/R] = (w.L[Z"/f]) (5" 0)
—o {(L[Z"/f1[S™0/yD}
= {(L[S™o/yD[Z"/f])' .

Moreover,

M[Z/[Z] —o (W [letrec f = W/f]) (S™ 0))'}
= {(((Ay.D) (S 0))[letrec f =W/f])"})
= {(L[(S™ 0)/y)) letrec £ = W/f])! )

so that we can conclude with 7/ = f and Ny = L[(S™ 0)/y].
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e Suppose that W = letrec g = W’. Then

M[Z/R] = ((etrecg=W")[Z"/f]) (S 0)
-, { (W’ [letrec g = W' /g]) Z”/f (s™ o)t}
= {(W'[letrecg = W’/g] (S™0))[Z"/f]'}

Moreover,

[Z /_>] ((letrec g = W’) [letrec f = W/f]) (S™0)
{ (W' [letrec g = W’'/g]) [letrec f = W/f] (S™ 0))"}
= { (W’ [letrec g = W’/g] (S™ 0)) [letrec f = W/f D'

and we conclude with_y) = fand N; = W'[letrec g = 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 V; is of the shape S™ 0 for some m > 0. We
have that

M[Z/R] =0 ((W[letrec £ =W/f]) (5™ 0))')
= {((W (s™0)) [letrec f =W/f])"}

and that

M[Z[R] =W [2"/f] (S"0) =W (" 0)[2"/f].

where Z”’ is the (n — 1)-unfolding of V, so that we can conclude with 7 = f and 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

M[Z[R] =w(z"1f] V[Z/Z].

where Z" is the (n — 1)-unfolding of V, and

M[Z[R]=w(2"/f] V[Z[R].

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:
e Suppose that W = Ay.L. Then

M[Z[R] = ayLiz'/f] W[Z/R]
o {([z71f][[Z]19]) |
= {(e[=ZR]w])[z716])')
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and
H

M[Z[R] = wL(z”/f] W[Z/3]
o {([zis]v[27] ) )
(@wZR)m]) [z 1))

so that we can conclude with_y> = fand N; = L[Vg[?/?]/y].
e Suppose that W = letrec g = W’. Then

M[Z/R] = ((etrecg =W)[2"/f) Va[Z[3]
o | (W lletrec g = W/g)) (2711 W[Z/2])"}
= { (W' letrec g = w"1g] V.[Z/Z])[27111) '},
where the reduction is possible because the simple typing constraints imply that
Vg[?/?] is of the shape S™ 0 for some m € N. Moreover,

M[?/Tc)] = ((letrecg =W')[Z"/f]) Vz[?/?]
N { ((W’ [letrec g =W'/g]) [Z2""]f] V2 [?/?])1 }
= {((W’ [letrec g = W’/q] Vz[?/?])[z'"/f])l},

and we conclude with J = f and Ny = W/[letrec g = W’/g] V3[Z /X].
—IfV; = Ay.L,

MZR) = (iR 2R
o (2R R )
- (e ZR))

and in the same way

M[ZR] - {Lm [Z2])').

which allows us to conclude with N; = L[V, /y].
—If Vi = letrec g = W’, by typing constraints V, = S™ 0 for some m > 0. It follows that we

can reduce M [7 /%] and M [? /%] as follows:

M[—Z)/?] = Ietrecg W[—)/—) S™0

—>v{ [—)/_> letrecg W[—)/_> /g (s™o )}
[ {(w [ieec g - w15 [277] 7 0) |
{(( [Ietrecg W/g] (SmO) rﬁ]

and similarly,

M[?/’?] — {((W’ [letrec g = W’/g] (S™ 0)) [?/?])1}

so that we can conclude with Ny = W'[letrec g = W’/g] (S™ 0).
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M[?/?] = |ety:X[7/7] inP[?/?l)]
=0 {(PZR][X[Z73]1])'}
= {(Plnl[ZR])).

- -
and similarly, M[Z’ [X] =0 {(P[X/ yl[Z’ /%])!}, from which we can conclude.
Suppose that M = let y = L in P and that

M[Z/R] = lety=L[Z/Z]inP[Z/R]
o [ty - [Z7] (277"
= (s [272] mr[273))")
= {((ety=1yinP)[Z.Z/2.3])" ).
where the third step is obtained by a-renaming, and where by definition of —,, we have
WZR) = (EEZR) | ier)
By induction hypothesis, there exists Z ..... Z_,’: € Unfold(V) such that
(ZR) = (GERY |ser)
Now we see that
MZ7R) = {(ety-L[ZR] 0P Z7))"
ety = (22 m o [272))"
{ ((let y=1L"in P) [?,Z’/?,?])pi }

The result follows for 7 =X, 7Z and N; = let y = LY inP.
Suppose that M = L @, P. Suppose that L # P. Then

MZR) = (ZR). PR
M) = (7R 7R

so that the result holds for N; = L and N, = P.

- M7~ (1ZR]')

and

and

- - 1

M [Z/Tc’] = {L [Z/?] } ,
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" 0or V' =y
is a variable. N N . .
—IfV' =0, M[Z/X] —o {RIZ/Z])'}and M[Z'/X] —o {((R[Z'/X])!} so that we
can conclude.

—If V' = S™ 0 with m > 0, we can conclude in the same way.
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—In the latter case, there is no reduction from M [? /%] unless V’[? /%] 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. O

This result can be extended to an n-step rewriting process; however, pseudo-representations are
required to keep the statement true, as we explain in the proof.
LEMMA 6.16. Let V = (letrec f = W) be a closed value. Let M be a simply typed term of free
H
variables contained in X, 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 | i€ 1], a vector of vari-
—
ables—y>, and families of vectors (Z)iej, (Z])ier of the same length as_y>, all such thatM[?/'?] =7
= iy i - n - pil
[((XG[Zi/GN)P | ieT])andthat M[Z'[X] =7 [(GIZ/[J)P | ieT].
Proor. By iteration of Lemma 6.15. 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
H
M[?/?] but not in the one from M[Z’/X]. 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 that “combines” both:

LEMMA 6.17. Suppose that 9, = [(Xi[Z/_ﬁ])Pi | iel]= [(XJT)P} | j €91 Then there ex-
ists a set K, two applications m; : K — I and my : K — J, and a pseudo-representation &, =
[(Xé’[m/_!ﬂ)pg | k € K] such that
Vk e K, Xl,c, = X (k)s
Viel, Yien) PY =Dis

—>
Vk e K, XUIZPTY1 =X,
vjied, Zkengl(i) p]/cl =le~-

Proor. Let 7 = { (Yl)p;/ | 1 € L} be the representation of 2. We build K, 1, and r; as follows.
The construction starts from the empty set and the empty maps and is iterated on every [ € L.
First,weset[; ={ie 1 | Y, = X,-[Z/_gf]}andj} ={jegJ |V = X]f}.We suppose that both these

sets are enumerated and will write them 7; = {iy,...,i,,} and 7 = {jo, ..., Jm,}. We consider the
set of reals

ny mj
R= {0, Diss Piy + Pigs -+ - » Z pi,} U {0, D> Py F Dy e Z pgr,} c [0,p)].

r=0 r’'=0

and

This set is ordered, as a set of reals, so that we have a maximal enumeration
O=ay <o <---<as=p,

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

L P;' = Qpy1 — Ay

e g (t) = ir € I}, where Zf;é pi, < o and Z’fzo pi, = a;; and
. k-1 k

o m(t) = jx € J1, where 3520 pj, < ayand Y iy pj, = ;.
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We claim that the set K resulting from this constructive process satisfies the equalities of the
lemma. O

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

LEmMMA 6.18. LetV = (letrec f = W) be a closed value. Let M be a simply typed term of free vari-
ables contained in X, all typed with the simple type of V. Let?, 7 e Unfold(V). Then M[?/Tc)] €
=
TRed?, , ifand only if M[Z"[R] € TRed}, ,.

N
Proor. We prove that M [? [X] € TRedﬁ, p implies that M[Z’ [X] € TRedz, p» the converse di-

rection being exactly symmetrical. The proof proceeds by induction on the simple type refined by
.

—
Suppose that p :: Nat. Let r € [0, p). Since M[Z[X] € TRed'Z,p,

that M [? [X] =% P, and that 2, € DRed;, - Lemma 6.16 implies that there exists a distribu-
tion of values of pseudo-representation [Xf " | ieI],avector of variables 7/, and families of
vectors (Z)l'ej, (Z)ig of the same length as 7 all such that 9, = [(Xi[Z/—y)])Pi | iel]and
that M[?/?] =& = [(X; [Z/?])P‘ | i€ ] By typing constraints coming from the sub-
ject reduction property, all the X; [Z /Y] and X; [Z /7] 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 contain a vari-
able from 7/, as their simple type is of the shape Nat — «. It follows that, for every index i € 7,

X [Z/_y>] =X; [Z/_y)] This implies that &, = 9, € DRed!, , and thus that M[?/?] € TRedf,’p.

Vr, P°

Suppose that p :: k — x’. Let r € [0,p). Since M[?/—x)] € TRedﬁ,p, there exists n, and v, < p

such that M [? [X] =% 2, and that 2, € DRed;, - Lemma 6.16 implies that there exists a dis-

tribution of values of pseudo-representation [X‘lfJ " | i e I],avector of variables 7/, and families
of vectors (Z)iej, (Z’)ig of the same length as _y> all such that 2, = [(X,{Z/Tf])pi | ieT]
and that M[?/Tc)] =268 = [(Xi[Z/—y)])Pi | ie]. Since 9, € DRed;hp, there is a pseudo-

representation 7, = [ (Z J')p i | j € J ] witnessing this fact. By Lemma 6.17, there exists a pseudo-

there exists n, and v, < p such

representation 7, = [ (X'[Zn, k) [Y1)Px | ke K] satisfying a series of additional properties.
These properties ensure two crucial facts for our purpose:

H _—_—% ”
o MIZ/X1 28 [(X[(Znw /YD | ke K],
— sy ”
o MZ'[R) 3% 6 = [(G1Z] 4o [TDP | ke K] and
o [(X)[Zx k) /v NP | keK]is a pseudo-distribution witnessing the fact that 2, €
DRed), ,. Setting 1 = { (61)P" | 1€ L)}, there thus exists families (b Dkexc,1ex and
(qk1)kex.1e ¢ of reals of [0, 1] satisfying:

(W)Vk €K, V€ L, X! [Znw/T] € VRed®s! ;
@)Yk € K, Yier Py =01

@)Vie L, Yrex py; = H(o1); and

() p < Xkex Zier qripy-
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—_—
We now prove that Vk € K, Yl e L, X,’C’[Z;Zl(k)/—y)] € VRed®!, Letk € K andl € L. Leto; =
0 —v:

X/ [m /—gj] € VRed?"!,

—_—
Vg € (0.1], VY € VRedy . XY/ [Zno /9] Y € TRed?%!
—_—>
Vq € (0, 1], VY € VRedg’p, (X]Icl Y) [Zm(k)/_y)] c TRedz%cl

—_—
quwJLVYeVRwaw(XgY)V;w[ﬂ € TRed?%! by H
e

qumJLVYeV%ﬂw,X”Z’ 7] Y € TRed %!

m1(k)
A

qk1
X/ m(k)/@’] € VRed?*! .

11011

— ”
This implies that [ (X’ [Z;’rl(k) @])Pk | k € K ] witnesses that &, € DRed’, , for the same families

Vi, P
N
of reals p;’; and qx;. Now for every r € [0, p), there exists n, and v, < p such that M[Z'[R] =" &,
—
and that &, € DRed), ,: we have that M[Z'[X] € TRedZ,p. O
The following lemma shows that reducible values are reducible terms:

LEMMA 6.19 (REDUCIBLE VALUES ARE REDUCIBLE TERMS). LetV be a value. ThenV € TRedI[J o)
if and only if V € VRedﬂ’p.

P

Note that, conversely, we may have V € TRed i,

where y is not Dirac. For instance, 0 € TRedL, o
for p = { (Nati)%, (Nati)% ).

Proor.

e Suppose that V € VRedf,, p- Let r € [0,p). We must prove that there exists n, and v, such
that V. —3" {V'} and that { V' } € DRed;,_ . Necessarily n, = 0 and v, = { o' }. Since V €
VRedﬁ’p, (Vi) e DRed;r,p: take the canonical pseudo-representation [V!] and pin=1,
qll =Tr.

e Suppose that V € TRedI‘J ol It follows that, for every r € [0, p), there exists n, and v,
such that V —7" {V!} and that {V!} € DRedchp. Again, since V is a value, we necessar-
ily have n, =0 and v, = { o' }. Since {V!} € DRed‘r,hp, there is a pseudo-representation
[VPr,...,VP2] such that 7', p; =1, and a family (gi1)ies that is such that r <
Ylier Pigi1, where pip = p;.

Suppose that there is no q;; greater than or equal to r. Then Vi € I, ¢;; < r, and
Z pirqin < Z pir = rz pin =T,
iel iel iel
which is a contradiction. So there exists g;; > r and therefore V € VRedZ’;lp. By Lemma 6.7,
Ve VRed(r,,p. Since the result is true for all r € [0, p), we obtain by Lemma 6.10 that V €
VRed? . o
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 6.20 (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 € VRed” o if and only if

Nat®—
ZeVRed! . .
Nat®—p, p
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Proor. A direct consequence of Lemma 6.18 and Lemma 6.19. O

6.7 Reducibility Sets versus Reductions and Probabilistic Combinations
If a distribution obtained as a 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 6.21. Suppose that M =" 9, € DRed‘Zn,p for pp <X p, with Y, p = 1. Suppose that, for
m=n,M=" Dy Then there exists ji, <X fim < y such that Dy, € DRedf,m,p.

Proor. Let u, = { (aj)p} | j€eT ). As 9, € DRedﬁn,p, there exists a pseudo-representation

Dy = [Vl.pi | i € 7] and two families of reals (p;j)ier, je.s and (qij)ier, jes such that

(1) Yiel, YjeJ, Ve VReds,;
(2) Yiel, Yjeq pij =Pis
() V€T, Xier pij =pj;and
4) p < Yier Djeg qijbij-
By Lemma 3.8, we have ¥, < %), so that the distribution Z,, admits a pseudo-representation
D = [le " | i € I WK ] extending the one of %,,. We now need to define appropriate families
of reals (Pz{j)iEILﬂ‘K,jej and (q;j)iEIbJ?(,jej- We set:

o VieI,VjeJ, pj = pi;
e VieI,VjeJ, qj;=qi;and
e VieK,VjeJ, q;=0,

and we choose the (P;j)iev(,jej arbitrarily in [0, 1] under the constraints that Vi € K, };cq plfj =
piandthatVj e T, Y icrux p;j < p(0;). These constraints are feasible since 3 ;c rux Xjeq plfj
Sierwx pi < 1= p We then set y,, = { (O'j)ZiEIW Pij | j€J} < p Let us check that Z,, €

P
DRed),,, ,.

gj.p>
all terms of simple type (o;) by Lemma 6.6;
(2 Viel, Yieg plfj = p; by definition and Vi € K, }jcq p;j = p; by construction;

B)Vied, Yiervx plfj = /im(0;) by definition of yip,; and

(1) Viel,Vjedg, Vie VRed?” andVie K, ViedJ, Ve VRed?,ﬁp as this set contains

(4)
P = Yier Xjeg 9ijbij
= Dlier Zjej q;jp;j +0
= Dler Zjej qng,{j + Diex Zjej q;jpgj
= YielwkK 2jeg q;jp;j'
S0 P € DRed, . O

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

LEMMA 6.22. Suppose that (u) = (v), that 7 € DRedﬁ:p, and that & € DRedﬁfp. Then p? + (1 -

/+(1_ ) ”
p)& € DRedyl ", PP
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Proor. Let u = { (crj)pfl‘ | j€J} Since Z € DRedf,:p, there exists a pseudo-representation
9 = [Vipi | i € 7] and two families of reals (p;j)icr,jes and (qij)ier, jes such that

VieI, VjeYJ, Vi e VRedl .

0j, P>

1)
() Viel, Yieq pij =Pis
() Vied, Xier pij=pj and
(4) p' < Yier Zjeg Qiibij-

Let v ={ (Tl)p;” | le L} Since & € DRedgz/p, there exists a pseudo-representation & =

[W]fk | k € K] and two families of reals (p; )kex,1c £ and (g )kex,1c £ such that

) Vk e K, Vle L, W € VRed;
2) VkeK, Yies P/,d :pl’c’;
3) Ve L, Yiex Py, =p; s and

4) p" < Ykex ZieL Uilrr
We suppose that 7 and K are disjoint, and that j € J N L & o; = 7;. To prove that pZ + (1 -

p)E € DRed‘Z%:‘(,I;p ?” we consider the pseudo-representation

P2+ (1 -p)& = [Vippi } ieI] + [Wk(lfp)PZ

kex| (14)

and we write the distribution type y @, v as

"

{(@)|j € TNT 0 L) J+{ (@) P |je g nL}+{ @) |1e L\ (T nL)}.

We set G =7 +K and H = J + L. We now need to define appropriate families of reals
(P;’h)geg,he’/-{ and (q’g’h)geg,he(;.(. We proceed as follows:

° Ifge[andhej,p;'h=ppgh andq;'h=q9h.
e lfgeITandhe L, pj, =0andq}, = 0.

o Ifge‘](andhej,p;’h=0andq;’h:0.

o lfgeK andhe L p/, =(1-p)p,, andq, =q,,.

Let us prove that Equation (14) together with these two families provides a witness that pZ +
(1-p)& € DRedZ%:‘E};p » by checking the four usual conditions. We write Z, either for V; or Wy,
depending on the context. We write similarly 6}, for o; or 7;.

(1) Vge G, YheH, Z, ¢ VRedZth is proved by case exhaustion:
o Vgel, Vhe [, V, e VRedl, since 7 € DRed,

’

Ohp, P ,p;
e VgeK, Vhe L, W, € VRede’hp since & € DRedg:lp; and

e in the two remaining cases, q;’h = 0 and by Lemma 6.6 the result holds.
(2) We proceed again by case exhaustion:
o fg €l Yhen P, = Zheg Py + Lhes Pyy = Xheg PPgh = PPy-
o Ifge X, Then Py, = Zher (1=p)pyy, = (1=p)py.
(3) We proceed again by case exhaustion:
* Suppose that h € '\ (J N L). Then Y yeg P}y, = Dger Py, = Lger PPgh = PPg-
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e Suppose that h€ L\ (J N L). Then ¥ eq p;’h = Dgek p;’h = Ygex (1 —p)p;h =

(1-p)py".
° Supposeg that he N L. Then ¥ g p;'h = Yger p;’h + Ygek p;’h = ppy +
(1= p)py.
(4)
deg 2heH q;,hP;,h
= Xger Zheg QpPyn + Lgek LheL dypPyy
= Xger Lheg 9ghPPgh + Lgek LheL dyp(1 PPy,
= plgel 2heg qghPgh + (1-p) 2geK 2hel q;hp;h
z pp'+ (1 -p)p”
It follows that pZ + (1 —p)& € DRedig:S;p)p”. |

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

LEMMA 6.23. Let (u;)icr be a family of distribution types of the same underlying type. For
everyi e I, letJ; € DRede,p. Let (pi)ier be a family of reals of [0, 1] such that 3 ;c; pi < 1. Then

Sicr piZi € DRedg™ bt

ProOOF. Similar to the proof of Lemma 6.22. O

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

LEMMA 6.24 (REDUCTIONS AND SETS OF CANDIDATES).

o Suppose that M —,, { N'} and that N € TRedﬁ,p, Then M € TRed‘Z,p.

o Suppose that M —, { NP, L'"P}, that N € TRed?, ,, and that L € TRed’;:,p. Then M €

Hp>
pp’+(1-p)p”
TRed#% vip .

PRroOOF.

e Since N € TRedz’p, for every 0 < r < p there exists v, < p and n, € N such that N =7

9, € DRed;,_,. Recall that =1t — 5 o =M 1t follows that M ="' 9, which has the
required properties, so that M € TRed‘Z’ p-
o Let0<r<pp' +(1—p)p”. Let (+',r"”) be such that r = pr' + (1 —p)r”’, 0 <r’ < p’, and

0<r"”<p” Since N € TRed?, ,, there exists n. and p < p such that N =57 9, €

H.p> =
DReer,’p. Since L € TRede,p, there exists m,» and v,» < v such that L =."" & €
DRed;://, p- Suppose that n,» < m,~, the dual case being exactly symmetrical. By Lemma 6.21,
by denoting Z,~ the distribution such that N =77 %,, there exists yi,» < pi,» < p such
that 2,» € DRed;/r,,’p. Now M =1""*' pZs + (1 - p)&,», and by Lemma 6.22 we have
pDpr + (1 —p)&r € DRedZ::,g;;g ,)rp Since by construction p» ®, vyr < 1 @, v, we can
conclude that M € TRed‘Zg:S;p L o

6.8 Subtyping Soundness

Reducibility sets are monotonic with respect to the subtyping order C:
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LEMMA 6.25 (SUBTYPING SOUNDNESS).

e Suppose that o C 7. Then, for every p € [0,1] and p, VRedf,,p c VRed‘T’,p.
e Supposethaty C vandthaty p =Y v. Then, foreveryp € [0,1] and p, DRed’, , C DRedﬁ,p.

mp =
e Suppose that u T v. Then, for every p € [0,1] and p, TRedﬂ,p c TRedﬁ,p.

Proor. The proof is by mutual induction on the statements following the shape of the simple
type refined by o and p, as earlier.

e Suppose that ¢ :: Nat. Then o = Nat® and 7 = Nat' withs < r.LetV € VRedf;’p. There are
three possibilities:
—Either s =1 andt = " 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" = [x], so that V € VRedz;,p.

—Ors =1 andr = oo. In this case V is of the shape S™ 0 and therefore V € VRed’;’p.
—Or s =1 = co. In this case o = 7 and the result is immediate.

e Suppose that 0 = ¢’ — p and that 7 = 7" — v. Let p € [0, 1], p be a size environment, and
V € VRed?. p- We have that 7" C ¢’ and p C v. It follows, by induction hypothesis, that

VRedfi’p c VRedg,‘p and that TRed”, , C TRedﬁjp for every p’ € [0,1]. Since V € VRed?

mp = o.p>
foreveryq € (0,1]and W € VRedg,’p, VWe TRed‘Z,qp - TRedﬁqp.As VRedz,’p - VRedZ,’p,
V € VRed? ,. ,
e Suppose that p = { ofj | j€J }andthatv= {r]fk | k € K }. By definition of subtyp-

ing, there exists f : J — K such that for all j € J, 0; C 77(;) and that for all k € K,
Yjef-1(k) P < py- Note that since 3, p = 3 v, this is in fact an equality. Let 7 € DRedfl,p;
then there exists a pseudo-representation & = [ (V;)?* | i € I ] and families (p;j)ier,jeg
and (qij)ier,jeg of reals of [0, 1] satisfying:

(1) Viel, VjeJ, V;€VRedy’,;
(2) Viel, Yjeq pij = pis

(B) Vjied, Xier pij=pj and

(4) p < Yier Xjeg qijbij-

By induction hypothesis, for every j € 7, VRedZZ » C VRedz;jU), p- We now prove that
[ (V;)Pi|i € T ] witnesses that 7 € DRed‘g,p. We need to define families of reals (p;, )ic 1 kex

and (q}; )ier.kex satisfying the four usual conditions. To this end, for every i € 7, k € K,

we set
P = Z Dij
Jef(k)
and
= max q;j.
T = jefin 1

Let us check that the four conditions hold:
(1) \7’1: €el, VkeK, Ve VRedZ}’Z,-), p by induction hypothesis and by definition of g, ;
(2) Yie T, Yrex Pip = Zkek Zjef-\(k) Pij = Xjeg Pij = Pis
B) Yk € K, Xier Pj = Xier 2jef-i(k) Pij = Xjef-1(k) Ziel Pij = Xjef-1(k) P} =
pys and
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(4)

Yier 2jeg 4ijPij

2iel XkeK Xjef-i(k) 4ijPij
2iel Zkek 2jef-i(k) qng)Pij
Yiel 2kek Qg Zjef-i(k) Dij
Yiel Dkek q;kpz{k’

IAITIA

It follows that & € DRed’;, o

Suppose that p = {O'fj | j€J ) and that v = {Tlf;é | k € K }. By definition of subtyp-
ing, there exists f : J — K such that for all j € J, 0; C Tr(j) and that for all k € K,

Yjefik) Py <py- Let M e TRedz,p. Then, for every 0 < r < p, there exists y,. < p and

n, such that M =7 9, € DRedL,r’p. By definition of . < p, yl. = [crfj | j€ g ] with
qJ’- < pj’. for every j € J. We set v, = [T}%) | j €9 ], whichis such that }, p, = 3 v, and,
by construction, p;. C v so that we can apply the induction hypothesis and obtain that
M= 9, € DRed:,’ o 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 the 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 X to be reducible if and only if any closure M [T/) [X]is
itself reducible in the sense of Definition 6.2. 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 [T/) /X]?
Informally, the behavior of the reducibility degrees is multiplicative, except for the distribution
context, which requires some more care to match the behavior of the sized walk:

e In the case of a context I' |0 for ' =x; : 01,...,%x, : o, which is the simplest one, if

we substitute each x; with V; € VRedZi,p, we require that M[T/)/Tc)] € TRedE%1 % In other
words, the reducibility degree that we require is the product of the ones of the values substi-

tuted for the variables. If we think about termination, we may see this as the fact that, when

each of the terms replacing the x; terminates with probability at least g;, then M [7 /X]
should terminate with probability at least []}-; ¢;. Without this guarantee, the open vari-
ables of M could be substituted with values and nevertheless not be AST. Note that here we
considered the case of an open term M, but it is exactly the same for a value W with open
variables.

If the context is 0]y : {r;.b "}ier, then we substitute the only free variable y in M with a

value V € N;cr VRed® ,. We then require that M[V/y] € TRedii;Ipiqu_(Z"Ejpj). Note

that the degree of reducibility we find here is precisely connected to Equation (15) in the

proof of Lemma 6.31, if one takes g; to be Pr, ,.k,. Here the informal explanation is that

if the replacement V of y of type 7; is in VRedzi"’ p»» then when used with type 7;, the value

V terminates with probability at least ;. Since it is used with this type with probability p;,

the substitution terminates with probability at least 3 ;c; piqi + 1 — (2 jc 7 pj) because:

—each i contributes to termination with probability p;q;, and

—with probability 1 — (3;c 7 pj) the variable y is not used, so that no recursive call will be
performed with this probability and termination is therefore ensured.

Again, the same holds when the open term is a value.
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e When the context is of the form I | ©, the resulting degree of reducibility is obtained as
the result of the multiplication of the degrees obtained in both previous cases.

We may now introduce the reducibility sets for open terms in a formal way:

Definition 6.26 (Reducibility Sets for Open Terms). Suppose that T is a sized context in the form
X1 : O1,...,Xp : Op,and that y is a variable distinct from x1, . . ., x,,. Then we define the following
sets of terms and values:

OTRed|® = {M | V(g)i €[0.1]", ¥ (V1. ..., V) € [T, VRedZ,

i, P
M[V/?] € TRed)/ 5 q"}

OVRed},|? = {w ( Y(g)i € [0,1]", Y (Vi, ..., Vy) € [T, VRed®:

Oi, P

W([V/Z] € VRed[[! "i}

iy ey N - i
OTRed,,, = {M | V(g € [0.1]", ¥V e IL, VRedZ; .
V(g)); € [0.117, YW € ey VRedy,

7j, P>
M[V.W/Z.y| € TRed? |
I'ly: T?j ic i
OVRed,,,‘py e {Z | V(g € [0.11", YV e TT7, VRedg, .
V(g)); € (0,117, YW € ey VRedy, ,.

Z[V.W/Z,y| € VRed?

where the degree of reducibility « is defined as

(13 -(7)

Note that this contains
010 _ 1
OTRed”’p = TRed‘u’p
OVRed?!® = VRed}, ,

01y (e e '
ﬂ,g = {M | V(gi); € [0,1], YV € Nier VRed?!

M [V/y] c TRedEi;Ipiqi*'l_(stjpj)}

OTRed

0ly:{rf e '
DI _ W | v (q), € [0.117, WV € Mier VRed!

Ti, P>

WIV/yle VRedE’;’P"qi“‘(Zjeyﬂf)}.

OVRed

Note also that these sets extend the ones for closed terms: in particular, OTRedf’l’| /? = TRedL, -

As for closed terms (Lemma 6.19), reducible values are reducible terms:
LEMMA 6.27 (REDUCIBLE VALUES ARE REDUCIBLE TERMS). For every T, ©, o, and p, V €
OVRedEJE) if and only if V € OTRede?}’p. An immediate consequence is that OVRedg’lg c

OTRed'!® .
{o!}p

Proor. Corollary of Lemma 6.19 and of the definitions of the candidates for open sets. O
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6.10 Reducibility and Sized Walks

To handle the fix-point 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 6.28 (Probabilities of Convergence in Finite Time). Let us consider a sized walk.
We define the associated probabilities of convergence in finite time(Pry m)nen, men as follows:
Vn e N, Vm €N, and the real number Pr, ,, 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 6.29 (FINITE APPROXIMATIONS OF AST). Let m € N and ¢ € (0, 1]. Consider a sized walk
and its associated probabilities of convergence in finite time (Pry, m)nen, men. If the sized walk is AST,
there existsn € N such that Pry, ,, > 1 —¢.

Proor. Suppose, by contradiction, that there exists ¢ € (0, 1] such that there is no n € N with
Prp.m > 1—¢. Then lim,en Prpm < 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 6.31:

LEMMA 6.30. Suppose thatV is a closed value of simple type Nat — . Then, for every Nat' — p =

Nat — «, and for every size environment p such that p(i) = 0, we haveV € VRed,l\]ati_w »

Proor. To prove that V € VRed!
Nat'—pu, p

W e VRedZati , we have that V W € TRedZ,p. This is always the case, as VRedqalt

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

, we need to show that for every ¢q € (0, 1] and every

) is the empty

i
5

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
Prp.m of convergence in finite time.

LEMMA 6.31 (CONVERGENCE IN FINITE TIME AND letrec). Consider the distribution type pu =

{(Nat¥ — v[s;/i])’7 | j€ T }. LetT be the sized context x; : Nat™,..., x; : Nat'. Suppose that
T|f:purV:Nat — v[?/i] and that i induces an AST sized walk. Denote by (Pry, m)nen, men its
associated probabilities of convergence in finite time. Suppose that V € OVRed" /¥ i for every
Nat'—v[i/i], p
p. Let W € ]—Iﬁ=1 VRedLatri’p; then for every (n, m) € N2, we have that
b Pro,m
letrec [ = V[W/Tc)] € VRedNatiﬁv,p[iHm].
Proor. We prove the statement by induction on n.
e Ifn =0, we have two cases:
H
—If m = 0, then Lemma 6.30 implies that letrec f = V[W/X] € VRed! so that

Nat!—v, p[ir>0]

by downward closure (Lemma 6.7), we obtain letrec f = V[W/ﬁc)] € VRedzr:t‘iO_)v Dlis0]”

—If m # 0, then Pry, p, = 0. The hypothesis of the lemma imply that letrec f = V[IT)V/?] i
Nat — (v), and we conclude using Lemma 6.6.
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6.11

e Suppose thatn > 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 77 with

ki > 0foreveryje J.WesetZ ={k; | j € J}andqy, = p;foreveryj€ J.The sized
walk induced by the distribution type y is then the sized walk associated to (7, (¢i)icr)),
which from the state m’ + 1 € N\ {0} moves:

* to the state m” + k; with probability p;, for every j € J, and

to 0 with probability 1 — (X ;c 5 pj)-

It follows that

*

Prji1.m+1 = Z PiPromk, + 1- Z il (15)
Jjeg Jjeg
For every j € 7, let us apply the induction hypothesis and obtain
letrec f = V[W//?] € VRed}r:Ziri:z[h—»mwkj]'
By Lemma 6.12,
T'n, m'+kj

letrec f = V[W/—)] € VRed % / = VRed

ks
Nat' = —v[i 7 /i, p[irom’]

nm+kj

Nat" —>v[s;/i], p[imm’]’
Since this is valid for every j € J, we have that

P n, m+
letrec f = V[W/_) ﬂ VRed """

Nat¥ —v[s; /1], p[ir>m’]’
jeg

and since V € OVRed' L # , we obtain
Nat‘—»v[l/l] plimm’ ]

V[W letrec f = V[W/_’]/—) f] € VRed

Yjeg PiPramek; + 1= (ZJEJ PJ)
Nat‘—)v[t/l] plirm’]

which, by Equation (15) and by Lemma 6.12, gives
[W letrec f = V[Wﬁ]r’ f] € VRed Frat.misa

Nat' —v, p[irsm/+1].
But this term is an unfolding of letrec f = V[W/?> ]. so that by Corollary 6.20 we obtain
letrec f = V[W//Tc)] € VRed ™

Nat'—v, p[i>m].

Now by definition, Pr,11,m = Pry,m, and by downward closure (Lemma 6.7):

letrec f = V[W[?] € VRed ™" O

Nat'—v, p[im].

Size Environments Mapping Sizes to Infinity

When m = oo, the previous lemma does not allow one to conclude, and an additional argument is
required. Indeed, it does not make sense to consider a sized walk beginning from co: 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.

LEMMA 6.32. Ifi pos o, then

e VRed” C VRed”
o, plirn] o, plir o]’
° DRedp ol DRedp , and
i>n ] plir>eo]
e TRed” C TRed”
pplimn] = s plireo]”
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ProOF.
e Lets =1 .We have [s1p[i0) = n. Using Lemma 6.12, we obtain

VRed” = VRed” VRed

ols/i], plir0] o, plir 5] pfimo)] ,plimn]”
By the same lemma,

P
VRedg[oo/1 pli0] = VRedG plims ool o] = VRedJ plisco]”
Since i pos ¢ and s < oo, Lemma 5.14 implies that o[s/i] C o[co/i]. By Lemma 6.25, we

P P
obtain VRed (o] plis0] S VReda[m/l] plir0] and thus VRedU’p[iH c VRedU plimsoo]’

e Let Y € DRed‘Z plion]’ It follows that 2 =[(V;)?* | i€ ] and that, setting p =

{ (aj)Pi | j € J }, there exists families (p;j)icr,jes and (qij)ier,jeg of reals of [0, 1] satis-
fying:

(1) VieI, VjeJ, V;€VRed) .
(2) Yie I, Yjeq pij = pis

() Vi€ T, Xier pij = p(oj); and

(4) p < Xier Djeg qijPij-

Since YieZ, VjeYJ, Ve VRedq” C VRed?” we obtain that Z €

plirn] aj, plireo]’

DRedy plirco] using the same witnesses.

o Let M e TRedp . It follows that for every 0 < r < p, there exists v, < g and n, € N

plimn]”
such that M 3"’ 9, and 9, € DRed’, But DRed: plion] S DRed; plirsco]s SO that

v, plirn]”

M € TRed? O
s plireo]”

The following lemma proves that co 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 6.33 (REDUCIBILITY FOR INFINITE S1ZES). Suppose that i pos v and that W is the value
letrec f = V. IfW € VRed? for everyn € N, then W € VRed”

Nat' —v, p[ir>n] Nat! =, p[irsc0]”

Proor. Suppose that i pos v and that, for every n € N, letrec f =V € VRedNat‘Hv plion]’ . Let
W € VRed? . Then W = 8™ 0 for some m € N. It follows that W € VRed” . . But
Nat!, p[ir> Nat!, p[ir>m+1]
letrec f =V ¢ VRed so that
Nat' = v, p[irsm+1]’

(letrec f = V) W € TRed”

v, plirm+1]"

By Lemma 6.32, since i pos v, we obtain that

(letrec f = V) W € TRed”

v, plirseo]”
It follows that
letrec f =V € VRed” O

Nati—v, plirroo]”

6.12 A Last Technical Lemma

The following technical lemma will allow us to deal with the Let rule in the proof of typing sound-
ness.
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LEMMA 6.34. Let (q,-)l- € (0,177, ( jf)j € (0,1]™, and (q;))x € (0, 1)'. Let £ and G be two sets of
indexes. Let0 < r'" < ([TiL; q:)(I17%, qJ’.)(Hk 1 9))- Suppose that, for every0 < r < []7L; q;, there
exists two families (Plg)lE.C,gEG and (qlrg)leL,geg of reals of [0, 1] satisfying

r< Z Z P14, (16)

leL geG

D) 2 Py S (17)

leL geG
Then there exists 0 < r < []}Z, q; and a family (rlg)16£ geg Satisfying

n 1
Vie L, VgeG, 0<r], < (]—[ q,»> (]_[ q;’) qq (18)

i=1 k=1

r’ < Z Z plrgrl'g. (19)

leL geG

and

and

Proor. Since r” < ([17, g)(IT7; ¢)(ITj_; q})- there exists £ >0 and VI € £, Vg€ G,
£1g > 0 satisfying

gpe g

leL geG
We pick r such that

m m
nq]’-—£<r<nq}, (21)
j=1 j=1

and this induces families (Plry)lez,geg and (q;g)leﬁ’geg of reals of [0, 1] satisfying Equations (16)
and (17). We choose a family (rl,g)IE.C,gEQ such that

n l n l
VYl e .E, Vg S g, (1—[ ql>(1—[ q;c/)q{g — Slg < rl/g < (1—[ ql)(n qllc/) q?g
i=1 k=1 i=1 k=1
By Equation (17) and since ([ ]}, qi)(l—[ k=1 4% ), we obtain from Equation (20) that
n 1 m 1
i=1 k=1 leL geG j=1 k=1
Thus,

T

i=1 k=1 leL geG
By Equations (21) and then (16):

n 1
(T[T )3 % ) 5 3 e
i=1 k=1 leL geG leL geG
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1
qi) (]_[ qL’) Qg ~ %),
i= k=1
and by definition of (rl’g)lE £,geg We obtain

144 r ’
< Z Z PigTig

leL geG

which rewrites to

B

ey Zp,g((

leL gegG

as requested. ]

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 toward the fact that typability implies AST:

ProprosITION 6.35 (TYPING SOUNDNESS). If I'|®@ + M : p, then M € OTRedE"f for every p.
Similarly, if T|@FV : o, thenV € OVRedF‘ for every p.

Proor. We proceed by induction on the derivation of the sequentI'[© + M : y. When M =V
is a value, we know by Lemma 4.12 that y = { ¢! }; and we prove that V € OVRedr‘ for every

p. By Lemma 6.27, we obtain that V € OTRedZ,| p® for every p. We proceed by case analys1s on the
last rule of the derivation:

We suppose in the following that T is a sized context that can be enumerated in the form x; :
O1,...,Xp @ Op, and that y is a variable distinct from x, . . ., x,. We proceed according to the last
rule of the derivation:

e Var: Suppose that T,y : 7|© + y: 7. Let (¢;); € [0,1]™! and (Vi, ..., V,, W)€
(I, VRedZ! ) x VRed?™!.

—If® = 0, we need to prove that y[T/'), WX, yl=W e VRedgg:+1 % This is immediate since

"1 qi < qu+1, using Lemma 6.7.

—If ©@=z:{0)jeT), let (¢)jey €[0,1]7 and Zejey VRedG]p We
need to prove that y[T/),W,Z/?,y, =W € VRe d(n’lql)@]”hq’). But again,

(H? 1 ql)(Zjejqu}) < gn+18ince q; < lforeveryl,qj < lforeveryj, and };eq pj = 1.
We conclude using Lemma 6.7.
e Var: Suppose that T'|y : {z'} + y: 7. Let (¢;); € [0,1]"*! and (V4, ..., V,, W) €
(I, VRed?! ) x VRedq'”1 We need to prove thaty[T/), WX, yl=W e VRedT“,g:+11 % This
is immediate since H, 1 i < qny1, using Lemma 6.7.
e Succ: Suppose that T'|® + SV : Nat®. Suppose moreover that ® = (). Let (q;); €

[0,
and (Wi, ..., Wy) € [T, VRedq‘ . We need to prove that (S V) W/—) ]e VRedLI

E

But (SV)[ W/_> =5 W/_) ]) and, by induction hypothesis, V W/_’ ]e VRedEatsl % By

Lemma 6.3, (S V)[W/?c)] € VRedSa"t?Z' and we can conclude. The case where © # 0 is
similar. ~

e Zero: Suppose that T'|® + 0 : Nat®. Suppose moreover that © = (. Let (g;); € [0, 1]" and
Vi, ..., W) e 1L VRedgi p- By Lemma 6.3, 0[7/7] =0¢€ VRedLIi?Zi. The case where
© # ( is similar.

ACM Transactions on Programming Languages and Systems, Vol. 41, No. 2, Article 10. Publication date: March 2019.



Probabilistic Termination by Monadic Affine Sized Typing 10:57

e A:SupposethatT'|® + Ay M : 0 —» p,with® =z : {(7;)” | j€ T }. Let (¢;); € [0,1]"

and (V1, ..., V) € [1, VRedZﬁ.,p. Let (qJ’.)jej €[0,1]Y and W € Njeg VRedZﬁ.,p. We
need to prove that

(y.M) [V.W/R.2] = ly.M[V,W/R.2] € VRed%{g")(Z"“”'q})'

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

(Ay. M[—) V.W/X.z]) Z € TRedy, (i 40) (e P19))- (22)

But
(Ay.M[T/),W/?),z]) Z >, M[T/),W,Z/Tc),z,y].
SinceT', x : ¢|©® + M : pby typing, the induction hypothesis ensures that

Ml:—> W Z/TC) z, y] c TRe dq (Hl 1q:)(zjsjqu])

and by Lemma 6.24 we obtain that Equation (22) holds, which allows us to conclude.
The case where © = () is similar.

e Sub: Suppose that T'|® + M : v is derived from I'|©® + M : p, where p £ v. Suppose
that © = 0. Let (¢;); € [0,1]" and (V4, ..., V,,) € [1L, VRedg’;,p. By induction hypothe-
sis, M[V/X] € TRedEil,:1 % 5o that by Lemma 6.25, we have M[V/R] € TRedl‘:[Z:1 % which
allows us to conclude.

The case where © # 0 is similar.

e App: Suppose that I, A, 2|0, ¥ + V W : u. Suppose that ©, ¥ = 0. We set I' =
X1 P OpyevesXp i Opy A=Y1 t T1yeo oy Ym = T, and E =2y : 01,...,2; : 0). Let (q;); €
[0,1]", (q;)j [0,1]™, (g)k € [0,1]", (Vi, ..., Vo) € [T, VRed& ,, (Wi, ..., Wy) €

[T, VRedT poand (Zy, ..., Z)) € ]—Ifc:1 VRedg:’p. We need to prove that

Vw) [V.WZRYZ|=V[V.WZR7.Z]| w[V.W.2Z2/R. 7.7 | (23)
is in TRe d(Hf’ a7 @)k, q;;)
—Suppose that [T, gi = 0. Then we need to prove that Equation (23) is in TRed’
is immediate by Lemma 6.6 as it is of simple type (u).
—Suppose that []; g; # 0. It follows that Vi € 7, g; # 0. We have that I, A|0 + V :
o — 1, which, by induction hypothesis, gives that V € OVRed™2!? " Note that for ev-

TP
ery i € I we have o; :: Nat; since ¢; # 0, we have by definition of the sets of candi-

dates that VRed?,i., = VRed1 ,- It follows that V/ 7 W//_) _y>] = V[T/), M_)/,?/?,_y),_z)] €
(2, O @)

1,95 which

VRed;_, , = VRe dai);,; Since I, E|¥ + W : o, we obtain similarly from
the induction hypothesis that W[V w.Z /_) v, Z] € VRedn" & . By definition of
VRedH’ 14 we obtain that

oo p

v[V.W.Z27.2] wV.WZ/RT.Z] € TRe g 172 )Moy 40

and by downwards closure (Lemma 6.7) we get that Equation (23) is in

TRe d(n’ ca) T )My 450 so that we can conclude.
The case where O, ¥ # 0 is similar.
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e Choice: Suppose that T'|@ @, ¥ + M@, N : 1 &, v. Suppose that © # () and that ¥ # 0.
Weset® =y : {T]Pj | jeJ}tand ¥ =y : {(T,;)P;c | k €K}, where we suppose that
j€YJ N L e ogj = 1. We obtain that

0@, Y=y : {” | je T\ (I nK)}+{ @)Pr PP | 1e TnK |
N\ (1=p)p;
+H () T | kex (@ nK) ]

Let (q:); € [0,1]", (CI})j e [o, 1]IJ\(JH‘K)I’ (q{')z e [0, 1]\JH‘KI’ (q],;,)k e [0, l]I‘K\(.TNK)l’
(Vi, ..., Vu) € [1%, VRed® , and

"

We ﬂ VRed , N ﬂ VRedZ;p ﬂ VRequ
JeT\(TNK) legnK keK\(TNK)

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

TRe d(H, 190 (Zjeg\ oK) PP 4+ Ziegox 0pi+(1=p)p))ay +Xkerc\(ros) 1=P)pr.q))

Hepv,p
_ TRedP(l_[,'-l:I q:)(Zjeq\ k) 2id+ Liegosx Prap)+A=-p) (T ai)(Ziegon £1] +Lker\(gn%) P dy,
- HDpV,p

a

Typing gives us thatI'|© + M : p, which by the induction hypothesis implies that

M[—) W/—> y] c TRe d(H, 1qz)(Z]eJ\(va()PJ‘I,+ZleJnKPlCI,)

Typing also implies that I'| ¥ + N : v and provides by the induction hypothesis

N[T}, W/’?,y € TRe dle‘[;;Zl)(ZZEJQKPIq”—ZkEK\UnK pqu)

Since

e, N[V W] =0 (M. WRo]) (N[V.wRo]) " .

Lemma 6.24 allows us to conclude.
The cases where © = 0 or ¥ = 0 are treated similarly.
e Let: Suppose that T, A, 2|0, Xy pi-¥Vi)Flet x=M in N : Y,cr pi-pi. Let T =

X1t OlyeeosXp t Oy, A=1yp : rl,...,ym C T, and E =21 : 01,...,2m ¢ 0. Let (g;); €
[0,1]™, (qj’)] [0, 1]™ and (q)))x € [0, 1)L Let (Vi,...,V,) € [T~ . VRed?! p,(Wl,...,Wm)e
VRed,j poand (Zy,...,7]) € ]—[k:1 VRedg’;p. There are two subcases here.

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

ILA|IO-M: o IE,x:0|¥YrN :p (') = Nat
I[LA,EIO, Prletx=MinN :pu '

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

(Hze] ‘It)(l—[]ej q,)(erv( qk)

(letx = MinN) [V.W.2/%. 7. 2] € TRed, (24)

We now distinguish two cases.
* Suppose that [];c7 ¢; = 0. Then Equation (24) holds immediately since by Lemma 6.6
all the terms of simple type (u) are in TRedg’ o

ACM Transactions on Programming Languages and Systems, Vol. 41, No. 2, Article 10. Publication date: March 2019.



Probabilistic Termination by Monadic Affine Sized Typing 10:59

* Elseforeveryi € I we have VRedqi = VRed1 p-Sincel’, A|® F M : o, we obtainby
i€ 1 €,
induction hypothe51s that M[ V WT) j] € TRe d(n 7 V(lleg
in M, soM[V,W, Z/?, v, Z] e TRedn’ 79 .SinceT, E, x : ¢| ¥+ N : p, we obtain
by induction hypothesis that

Nr W, Z Mr V,Z /2,7 yj, Z]/? Z, x] € TRe d(nlefq)(nje:]q])(l_[kev(qk)

_)
. None of the Z occur

Since none of the variables of _y> occur in this term, we obtain

NW,W,_Z),M[V,W,?/Tc),_y),_z)]/?,?,?,x] c TRe d(Hzezql)(HJequ)(erq(qk)

Now
(Ietx—MmN)[\—/),W,Z/?,_y’,
= Ietx:M[T/),W,Z x,y,z in W, ,_Z)/Tc), ,7]
- {(N[V. W7ﬁ77][Mrv’, : x,7,7]/x]1

I[NV WZM[V.W.2R73.2]77.2.x]) ).

and it follows from Lemma 6.24 that Equation (24) holds, allowing us to conclude.
—Suppose that M is not a value. We treat first the case where © = ¥ = (). The case where
© # 0 is exactly similar, while the case where ¥ # () reveals the reason that a sum
2jeg Pjq; appears in the definitions of OTRed and OVRed. The last typing rule is

TAOFM: {of |heH| T.Ex:04|0rN:p (I)=Nat
T,A E|0r letx=MinN : Spep Ph-in '

We need to prove that

(let x = Min N) [7, W/,—Z)/?,_y),_z)]

= letx=M[V.W.Z/2.7.Z| inN[V.W.Z2/2.7.7] (25)
[Tier :)(I1jeg q,)(erw qk)
€ TRed
ZheH PhHhP

We now distinguish two cases:

* Suppose that ([T;er ¢:)([1jeq q})(l—[keq( q;/) = 0. Then Equation (25) holds imme-
diately as by Lemma 6.6 all the terms of simple type (X pecw pn - pn) are in

0
TRethsH Ph P’
* Else, we use the induction hypothesison ', A|0 - M : { aﬁ” | heH}. Since {(o;) =

Nat, for every i € 7 we have VRed?,i.’p = VRed},i’p. Together with the fact that Z does
not appear in M, we obtain that

n]é’qu
M[V.W.Z[2.7.7Z] € TRed et et

By definition, for every 0 < r <[]}, g}, there exists n, and v, = {Jgr’g | g€ Gr}
< {o?" | he H} with G, C H such that

M[VWZRYZ] =0 2= [x‘fg’l | 1e £, ] € DRed], ,
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This implies the existence of two families (p;g)lelrvgrEQ and (qzrg)IELr,greg of reals of
[0, 1] satisfying in particular

r< Z Z Pr,a5, (26)

leL, gegr

>, st (27)

leL, QEQr
vie £, > pj, =p), (28)

geGr
Yge g, Z Plrg = Pr.g (29)

lel,

and ,

Vi€ L, Y9G, Xi€VRedr?,. (30)

By Equations (26) and (27), we can apply Lemma 6.34 and we obtain 0 < r < []7.; q;
and a family (rlg)l€ £,.g¢g, satisfying

n 1
Yie L,, Yge Gr, 0< rl’g < (n qi)(l_[ q,'c’) qlrg (31)

i=1 k=1
and
1 r !
P < Z Z PigTly: (32)
leL geG
We now consider r to be fixed to this value given by the lemma, this providing %, v,,
and so on.

Since T, &, x : 0, |0+ N : pp, we obtain by induction hypothesis using Equation
(30) that for every I € £ and g € G we have

N[V.W.Z.X/2.7.Z.x| € TRe d(n’ b 40 My 03],

By Equation (31), there exists for every | € £ and g € G an index m;,4 and a type ,u;g c

(33)

Hg such that

i
N[V W.2.5/7.9.2.x] 50 Giy < DRed ] (349
g’
Now set
m= max my.
leL,geG

By Lemma 6.21, we obtain types ,u;g < p;’g < jig and distributions éal’g such that all the
reduction lengths are the same:

N[V.W.Z.x1/2.7.2.x] =7 &, € DRed . (35)

lg>
Now it follows of Equation (28) that

=[x | 1e L. ge6,],

which allows us to use Lemma 3.12, obtaining that

(let x =M in N) W,W,?Fc’,_ﬁ,?] = nrtmil Z Z Plg

leL gegG
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By Equation (35) and Lemma 6.23, we obtain that
Yier deg Plr r;
r ’ .9 Lg
Z Z PLg iy € DReleeL 2geg PLgH] 4P’
leL geGg
By Equation (32) and downward closure (Lemma 6.7) we obtain
r ’
Z Z Prg- (5"1 € DRele £ 2geg Pl gH[ 4P’
leL geG
and since by Equation (29) we have };c,; Ygeg plrg/l;’g <X Yhen Phin, We can
conclude that

(|et x=Min N) [7’ W’?/?,—y)’—Z)] € TRe d(anI q1)(njej qj)(HkE'K qk)

ZheH PhHhoP
e Case: Suppose that ', A|©+ case Vof {S—>W | 0> Z} : u Suppose that © = 0. We
setI'=xy : 01,...,%p t opand A =y; : Ty, .,Ym : Trme

Let (qi)i € (0,117, (¢)); € (0,117, (Vi. ..., Vi) € [T, VRed? , and (V}, ..., V},) €
[T7%, VRedT .p- We need to prove that

(case Vof {S>W | 0> Z )[—’ V/—> y] c TRe d(HHq,)(n,lq)

i.e., that

caseV[T/),W/?,_y> of{SaW[T/),\?/?,_yq |0—>Z[7,\7/?,_y>]}

(l_[l 1q1)(l_[]m1 q]

is in TRed, . Since T|@ F V : Nat®, we have by induction hypothesis that

V/—) ]e TRedH(;\]ltq;1 . Since it is a value, we have by Lemma 6.19 the stronger state-

ment that V V/_’ ]e VRedE‘%l % which implies that V[T}/Tc’] is of the shape S¥ 0 for k € N
at’,p
satisfying []/2, ¢i # 0 = k < [5],. The typing also ensures that none of the variables of

H
7 occurs in V, so that V[T/)/?] = V[V, V' [Z, Y]
—If k =0, then

caseOof{S—> W[V,W/?,_y’] | OHZ[?,W/?,_H}]}
T TRI)

Since A|@ + Z : p, by induction hypothesis, we have that
Z[V /7] € TRed,, , =19

and also, by the typing hypothesis, that none of the variables of X is free in Z [W /7] so

— -
that Z[V' /7] = Z[T/), V'/X,7]. But [T%, g; <1, so that the downward-closure property
of Lemma 6.7 induces that

Z[—) v /—> y € TRe d(l_[; 1‘11)(1_[]'"161])
Now the closure by antireduction of Lemma 6.24 ensures that
— — —
case V[V,V’/?,_y’ of {S — WW,V’/?,?] | 0 — Z[T},V’/?,_j] }

is in TRe d(n = a1 )
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—Ifk > 0, then

case Sk 0 of {S - W[T/),W/?,_ﬁ] | 0> Z[T/),W/?,_ﬁ] }

»o {((WV.VRF]) o))

By typing hypothesis, we have A |0 + W : Nat® — p and the induction hypothesis pro-

vides W[Vﬁy)] € TRednj:1 %

((Nat o)1 }.p° which, since none of the ¥ appears freely in W, and

- m o
by Lemma 6.19, implies that W[T;, V'[X, 7] e VRedS;;fL o

* Suppose that []; g; # 0.1t follows that k < mp and therefore k — 1 < [[s]],, which

— moo
implies that Sk-1oe VRedNats . Since W T/), V’/?,—y)] € VRedEfl q’, we obtain that

(W[V, V’/?, y]) (S¥710)isin TRed,, ’ 19 . By closure by antireduction (Lemma 6.24),
we have that

case V[V, V2. 7] of {s > W[V.V/RT] | 0> 2[V.V/2,7])

is in TRede =% and by downward closure (Lemma 6.7), we obtain that it is also in

TRe d(n' lql (H’ 1) , from which we conclude.
Suppose that [, ¢; = 0. Then all we need to prove is that

case V[T/),W/?,_gf] of {S - W[T/),?/?,_gf] | 0 —>Z[T/),I7/7,_y>]}

isin TRedg ,- But this term has simple type (y) and by Lemma 6.6 the result holds.
The case where © # () is similar.
o letrec: Suppose thatT', A|© F letrec f =V : Nat' — v[r/i]. We treat the case where A =
© = (). The general case is easily deduced using the downward closure of the reducibility sets

(Lemma 6.7). Let I' = x; : Nat™,..., x, : Nat™. We need to prove that, for every family
(gi)i €[0,1]" and every (Wy,...,W,) € [ VRedz’atr , we have

(letrec f =V) [W/?] = (letrecf = V[W/?]) € VRedEa‘t,f’v[l/l]
If there exists i € 7 such that g; = 0, the result is immediate as the term is simply typed
and Lemma 6.6 applies. Else, for every i € 7, we have by definition that VRedN i =
VRedNat. . Since the sets VRed are downward closed (Lemma 6.7), it is in fact enough
to prove that for every (Wi, ..., Wy) € [1L VRed

Nat', p» We have

letrec f = V[W/—)] € VRedNatr

—v[t/i],p
Moreover, by size commutation (Lemma 6.12),

1 _ 1
VRedNat*—»v[r/l] VREdNat‘—w plimlrl,]”

Let us therefore prove the stronger fact that, for every integer m € N U {co},

letrec f = V[W//?] € VRed!

Nat' = v, p[irom]”

Now, the typing derivation gives us that I'[ f : p+V : Nat' — v[?/i] and that p induces
an AST sized walk. Denote by (Pry, 1, )nen, men its associated probabilities of convergence in
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finite time. By induction hypothesis, V € OVRed" /** _ for every p and we can apply

Nat‘%v[t/l] P
Lemma 6.31. It follows that, for every (n,m) € N,

letrec f = V[W/?] € VRed ™™

Nati—v, p[irsm]”

Let ¢ € (0,1). By Lemma 6.29, there exists n € N such that Pr,, ,, > 1 — ¢. Using downward
closure (Lemma 6.7) and quantifying over all the ¢, we obtain

letrec f = V[WF)] € ﬂ VRedNatl

0<e<1

—v, plir-m]
so that, by continuity of VRed (Lemma 6.10), we obtain

letrec f = V[M_}/Tc)] € VRed! (36)

Nat! = v, p[irsm]

for every m € N, allowing us to conclude. It remains, however, to treat the case where
m = oo. Since i pos v and Equation (36) holds for every m € N, Lemma 6.33 applies and
we obtain the result. O

This proposition, together with the definition of OTRed, implies the main result of the article,
namely, that typability implies almost-sure termination:

THEOREM 6.36. Suppose that M € A (). Then M is AST.

ProoF. Suppose that M € A% (y); then by Proposition 6.35, we have M € OTRedw “D for every
p. By definition, OTRedq’ |@ = TRed p- Corollary 6.5 then implies that M is AST. O

7 CONCLUSIONS AND PERSPECTIVES

We have presented a type system for an affine, simply typed A-calculus enriched with a probabilis-
tic choice operator, constructors for the natural numbers, and recursion. This affinity constraint
implies 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
information, allowing one to incorporate in the types relevant information about the recursive be-
havior 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 re-
ducibility 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 [6], 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, nonaffine 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 [41]—and of linearity: we
could use linear dependent types [17] to formulate an extension of the monadic sized type system
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keeping track of how manyrecursive 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 tradeoff 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 data types is essentially straight-
forward. Other perspectives would be to enrich the type system so as to be able to treat coinduc-
tive data, polymorphic types, or ordinal sizes, three features present in most systems of sized types
dealing with the traditional deterministic case but which we chose not to address in this article
to focus on the already complex task of accommodating sized types in a probabilistic and higher-
order framework.
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