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Abstract. It is well-known that constructing models of higher-order
probabilistic programming languages is challenging. We show how to
construct step-indexed logical relations for a probabilistic extension of
a higher-order programming language with impredicative polymorphism
and recursive types. We show that the resulting logical relation is sound
and complete with respect to the contextual preorder and, moreover,
that it is convenient for reasoning about concrete program equivalences.
Finally, we extend the language with dynamically allocated references
and show how to extend the logical relation to this language. We show
that the resulting relation remains useful for reasoning about examples
involving both state and probabilistic choice.

1 Introduction

It is well known that it is challenging to develop techniques for reasoning about
programs written in probabilistic higher-order programming languages. A prob-
abilistic program evaluates to a distribution of values, as opposed to a set of
values in the case of nondeterminism or a single value in the case of determinis-
tic computation. Probability distributions form a monad. This observation has
been used as a basis for several denotational domain-theoretic models of proba-
bilistic languages and also as a guide for designing probabilistic languages with
monadic types [11,17,16]. Game semantics has also been used to give denota-
tional models of probabilistic programming languages [6, 8] and a fully abstract
model using coherence spaces for PCF extended with probabilistic choice was
recently presented [9)].

The majority of models of probabilistic programming languages have been
developed using denotational semantics. However, Johann et.al. [10] developed
operationally-based logical relations for a polymorphic programming language
with effects. Two of the effects they considered were probabilistic choice and
global ground store. However, as pointed out by the authors [10], extending their
construction to local store and, in particular, higher-order local store, is likely to
be problematic. Also, recently, operationally-based bisimulation techniques have
been extended to call-by-value [4] and call-by-name [5] probabilistic extensions
of PCF. The operational semantics of probabilistic higher-order programming
languages has been extensively investigated in [12].

Step-indexed logical relations [1, 2] have proved to be a successful method for
proving contextual approximation and equivalence for programming languages
with a wide range of features, including computational effects.



In this paper we show how to extend the method of step-indexed logical rela-
tions to reason about contextual approximation and equivalence of probabilistic
higher-order programs. To define the logical relation we employ biorthogonal-
ity [13,15], together with step-indexing. Biorthogonality is used to ensure com-
pleteness of the logical relation with respect to contextual equivalence, but it
also makes it possible to keep the value relations simple, see Figure 1. More-
over, the definition using biorthogonality makes it possible to “externalize” the
reasoning in many cases when proving example equivalences. By this we mean
that the reasoning reduces to algebraic manipulations of probabilities. This way,
the quantitative aspects do not complicate the reasoning much, compared to the
usual reasoning with step-indexed logical relations for deterministic languages
or languages with nondeterministic choice. To define the biorthogonal lifting
of value relations we use two notions of observation; the termination probabil-
ity and its stratified version approximating it. We define these and prove the
required properties in Section 3.

We develop our step-indexed logical relations for the call-by-value language
F#®_ This is system F with recursive types, extended with a single probabilistic
choice primitive rand . The primitive rand takes a natural number n and reduces
with uniform probability to one of 1,2, ..., n. Thus rand n represents the uniform
probability distribution on the set {1,2,...,n}. We choose to add rand instead
of just a single coin flip primitive to make the examples easier to write.

To show that the model is useful we use it to prove some example equiva-
lences in Section 5. We show two examples based on parametricity. In the first
example, we characterize elements of the universal type Va.ao — «. In a deter-
ministic language, and even in a language with nondeterministic choice, the only
interesting element of this type is the identity function. However, since in a prob-
abilistic language we not only observe the end result, but also the likelihood with
which it is returned, it turns out that there are many more elements. Concretely,
we show that the elements of the type Va.a — « that are of the form A.v, for
a value v, correspond precisely to left-computable real numbers in the interval
[0,1]. In the second example we show a free theorem involving functions on lists.
We show additional equivalences in the Appendix, including the correctness of
von Neumann’s procedure for generating a fair sequence of coin tosses from an
unfair coin, and equivalences from the recent papers using bisimulations [4, 5].

We add dynamically allocated references to the language and extend the
logical relation to the new language in Section 6. For simplicity we only sketch
how to extend the construction with first-order state. This already shows that
an extension with general references can be done in the usual way for step-
indexed logical relations. We conclude the section by proving a representation
independence result involving both state and probabilistic choice.

2 The language F»©

The language is a standard pure functional language with recursive, universal
and existential types with an additional choice primitive rand. The base types



include the type of natural numbers nat with some primitive operations. The
grammar of terms e is

ex=zx|()|n|(e1,e2) | \x.e | inl e | inr e | A.e | packe | proj,e | ejez |
| match (e, 1.1, 22.€2) | €[] | unpack e; as x in ey | unfolde | folde |
| rande | if; e then ey else ex |Pe|Se
We write n for the numeral representing the natural number n and S and P are

the successor and predecessor functions, respectively. For convenience, numerals
start at 1. Given a numeral n, the term rand n evaluates to one of the numerals

1,...,n with uniform probability. There are no types in the syntax of terms,
e.g., instead of Ac.e and e we have A.e and e[]. This is for convenience only.
We write «, f3, ... for type variables and z,y, ... for term variables. The no-

tation 7[7/&] denotes the simultaneous capture-avoiding substitution of types 7
for the free type variables & in the type 7; e[0/Z] denotes simultaneous capture-
avoiding substitution of values @ for the free term variables & in the term e.

We write Stk for the set of evaluation contexts given by the call-by-value
reduction strategy. Given two evaluation contexts F, E’ we define their composi-
tion EoE’ by induction on FE in the natural way. Given an evaluation context E
and expression e we write F[e] for the term obtained by plugging e into E. For
any two evaluation contexts £ and E and a term e we have E[E’[e]] = (EoE’)[e].

For a type variable context A, the judgment A b 7 expresses that the free
type variables in 7 are included in A. The typing judgments are entirely standard
with the addition of the typing of rand which is given by the rule

A| Tk e:nat
A|TI'Frand e:nat’

The complete set of typing rules are in the Appendix. We write T(A) for the
set of types well-formed in context A, and T for the set of closed types 7. We
write Val(7) and Tm (7) for the sets of closed values and terms of type T,
respectively. We write Val and Tm for the set of all' closed values and closed
terms, respectively. Stk (7) denotes the set of T-accepting evaluation contexts,
i.e., evaluation contexts F, such that given any closed term e of type 7, E[e] is
a typeable term. Stk denotes the set of all evaluation contexts.
For a typing context I' = x1:71,...,Zn:Ty With 7q,...,7, € T, let

Subst(I") = {y € Val” | V1 < i < n. y(z;) € Val (1;)}

denote the set of type-respecting value substitutions. In particular, if A | I' e :
7 then @ | @ I ey : 7§ for any § € T2 and v € Subst(I'§), and the type system
satisfies standard properties of progress and preservation and a canonical forms
lemma.

The operational semantics of the language is a standard call-by-value seman-
tics but weighted with p € [0, 1] which denotes the likelihood of that reduction.

! In particular, we do not require them to be typeable.



We write < for the one-step reduction relation. All the usual 8 reductions have
weight equal to 1 and the reduction from randn is

1

randn 5 k for k € {1,2,...,n}.

The rest of the rules are given in Figure ?? in the Appendix. The operational
semantics thus gives rise to a Markov chain with closed terms as states.

3 Observations and biorthogonality

We will use biorthogonality to define the logical relation. This section provides
the necessary observation predicates used in the definition of the biorthogonal
lifting of value relations to expression relations. Because of the use of biorthog-
onality the value relations (see Figure 1) remain as simple as for a language
without probabilistic choice. The new quantitative aspects only appear in the
definition of the biorthogonal lifting (T T-closure) defined in Section 4.1. Two
kinds of observations are used. The probability of termination, Pr (e {), which
is the actual probability that e terminates, and its approximation, the stratified
termination probability Pr (e Uk), where k € N denotes, intuitively, the number
of computation steps. The stratified termination probability provides the link
between steps in the operational semantics and the indexing in the definition of
the interpretation of types.

The probability of termination, Pr (- {}), is a function of type Tm — Z where
7 is the unit interval [0, 1]. Since Z is a pointed w-cpo for the usual order, so is
the space of all functions Tm — Z with pointwise ordering. We define Pr (- |})
as a fixed point of a continuous function @ on this w-cpo: Let 7 = Tm — 7 and
define @ : F — F as

1 if e € Val
P(f)(e) = p-f(e') otherwise

€

Note that if e is stuck then &(f)(e) = 0 since the empty sum is 0.

The function @ is monotone and preserves suprema of w-chains. The proof is
straightforward and can be found in the Appendix. Thus @ has a least fixed point
in F and we denote this fixed point by Pr (- 1), i.e., Pr (e ||) = sup,, ., ?"(L)(e).

To define the stratified observations we need the notion of a path. Given
terms e and €’ a path 7w from e to €/, written 7 : e ~* €', is a sequence e A ey S
es X5 28 ¢/ The weight of 7 is the product of the weights of reductions in 7.
We write R for the set of all paths and - for their concatenation (when defined).
For a non-empty path = € ;8 we write ¢ () for its last expression.

We call reductions of the form unfold (foldv) 5 v unfold-fold reductions
1
and reductions of the form randn ~% k choice reductions. If none of the reduc-

tions in a path 7 is a choice reduction we call m choice-free and similarly if none
of the reductions in 7 is an unfold-fold reductions we call @ unfold-fold free.



We define the following types of multi-step reductions which we use in the
definition of the logical relation.

£, . )
— e == ¢ if there is a choice-free path from e to €’
£ . .
— e = ¢ if there is an unfold-fold free path from e to €.
cuff ,. cf uff
—e=¢ife=¢€ and e = ¢’

The following useful lemma states that all but choice reductions preserve
the probability of termination. As a consequence, we will see that all but choice
reductions preserve equivalence.

Lemma 3.1. Let e,e¢’ € Tm and e —L. ¢/, Then Pr (el)=Pr(e|).

The proof proceeds on the length of the reduction path with the strengthened
induction hypothesis stating that the probabilities of termination of all elements
on the path are the same. To define the stratified probability of termination that
approximates Pr (- |}) we need an auxiliary notion.

Definition 3.2. For a closed expression e € Tm we define Red (e) as the
(unique) set of paths containing exactly one wunfold-fold or choice reduction
and ending with such a reduction. More precisely, we define the function Red :
Tm — P (R) as the least function satisfying

{e 5 e'} if e = E[unfold (foldv)]

{evp»E[E]‘p:%,ke{l,Q,...,n}} if e = E[rand n]
Red(e):{ S / e g

(ewe)-ﬂ"WGRed(e)} if e~>¢' ande e

0 otherwise

The power set P (R) is ordered by inclusion and the map defining Red (-) is
monotone, so the least fized point exists.

Using Red () we define a monotone map ¥ : F — F that preserves w-chains.

1 if Jv € Val, e 22 4
v (f)(e) = Z W (). f((r)) otherwise

mERed(e)

and then define Pr (e lLk) = ¥¥(1)(e). The intended meaning of Pr (e lLk) is the
probability that e terminates within k& unfold-fold and choice reductions. Since
¥ is monotone we have that Pr (e {¥) < Pr (e {*!) for any k and e.

The following lemma is the reason for counting only certain reductions. It
allows us to stay at the same step-index even when taking steps in the operational
semantics. As a consequence we will get a more extensional logical relation. The
proof is by case analysis and can be found in the Appendix.

Lemma 3.3. Lete, e’ € Tm. Ife o then for all k, Pr (e {*) = Pr (¢/ |¥).



The following is immediate from the definition of the chain {Pr (e l}k) }I;“;O
and the fact that rand n reduces with uniform probability.

Lemma 3.4. Let e be a closed term. If e * ¢ and the reduction is an unfold-
fold reduction then Pr (e l}k“) =Pr (e’ llk), If the reduction from e is a choice

reduction, then Pr (e #1) = m > e'cRed(e) PT (e' U%).

The following proposition is needed to prove adequacy of the logical relation
with respect to contextual equivalence. It is analogous to the property used to
prove adequacy of step-indexed logical relations for deterministic and nondeter-
ministic languages. Consider the case of may-equivalence. To prove adequacy in
this case (cf. [3, Theorem 4.8]) we use the fact that if e may-terminates, then
there is a natural number n such that e terminates in n steps. This property
does not hold in the probabilistic case, but the property analogous to it still
holds and is sufficient to prove adequacy.

Proposition 3.5. For each e € Tm we have Pr (e ) < sup,¢,, (Pr (e |¥)).

Proof. We only give a sketch; the full proof can be found in the Appendix. We
use Scott induction on the set S = {f e F | Ve, f(e) < supye,, (Pr (e l}k))}. It
is easy to see that S is closed under limits of w-chains and that L € S so we
only need to show that S is closed under @. We can do this by considering the
kinds of reductions from e when considering @(f)(e) for f € S.

4 Logical, CIU and contextual approximation relations

The contextual and CIU approximations are defined in a way analogous to the
one for deterministic programming languages. We require some auxiliary notions.
A type-indexed relation R is a set of tuples (A, T, e, e’,7) such that A+ I' and
AFrtand A|I'te:7and A| ke :7. We write A | '+ e R e : 7 for
(A, Tye, e, 1) € R.

Definition 4.1 (Precongruence). A type-indexed relation R is reflexive if
A|T'Fe:7implies A|I'FeRe: 7. It is transitive if A | I'FeR e : 7 and
Al Tte Re":7 implies A|T'FeRe”: 7. Itis compatible if it is closed
under the term forming rules, e.g.,>
A|NemteRe :m A|T'teReé€ :nat
A|TFXzeRAze i1 = 7 A| Tt rande R rande’ : nat

A precongruence is a reflexive, transitive and compatible type-indexed relation.

The compatibility rules guarantee that a compatible relation is sufficiently
big, i.e., at least reflexive. In contrast, the notion of adequacy, which relates the
operational semantics with the relation, guarantees that it is not too big. In the
deterministic case, a relation R is adequate if when e R €’ are two related closed
terms, then if e terminates so does €’. Here we need to compare probabilities of
termination instead, since these are our observations.

2 We only show a few rules, the rest are analogous and can be found in the Appendix.



Definition 4.2. A type-indexed relation R is adequate if for all e, e’ such that
g|oteRe 7 wehave Pr(e ) <Pr(e ).

The contextual approximation relation, written A | I' F e Sftw e’ : 7, is defined as
the largest adequate precongruence and the CIU approximation relation, written
AlTlte §CIU e’ : 7, is defined using evaluation contexts in the usual way,
e.g. [14], using Pr (- ) for observations. The fact that the largest adequate
precongruence exists is proved as in [14].

Logical relation We now define the step-indexed logical relation. We present
the construction in the elementary way with explicit indexing instead of using a
logic with guarded recursion as in [7] to remain self-contained.

Interpretations of types will be defined as decreasing sequences of relations
on typeable values. For closed types 7 and o we define the sets VRel (1,0),
SRel (7,0) and TRel (7,0) to be the sets of decreasing sequences of relations
on typeable values, evaluation contexts and expressions respectively. The types 7
and o denote the types of the left-hand side and the right-hand side respectively,
i.e. if (v,u) € p(n) for ¢ € VRel (7, o) then v has type 7 and u has type 0. The
order relation < on these sets is defined pointwise, e.g. for ¢,9 € VRel(7,0)
we write ¢ < ¢ if Vn € w°P, p(n) C ¢ (n). We implicitly use the inclusion from
VRel (1,0) to TRel (1, 0). The reason for having relations on values and terms
of different types on the left and right-hand sides is so we are able to prove
parametricity properties in Section 5.

We define maps -], : VRel(r,0) — SRel(r,0) and -, : SRel(r,0) —
TRel (7,0). We usually omit the type indices when they can be inferred from
the context. The maps are defined as follows

rl,(n) ={(E,E') | Vk < n,¥(v,v") € r(k),Pr (E[v] |*) < Pr(E'[v'] )}
and %, (n) = {(e,€') | Vk < n,V(E,E') € r(k),Pr (Ele] |*) < Pr(E'[¢] |)}.
We write 77 = 77" for their composition from VRel (7,0) to TRel (7,0).

The following lemma establishes basic properties of the functions - and - .
The function - ' is order-reversing and - " is order-preserving and inflationary.

Lemma 4.3. Let 7,0 be closed types and r,s € VRel (1,0). Thenr <r'" and
if r < s then sT<rT andr™ <s'T.

For a type-variable context A we define VRel (A) using VRel (-, -)

VRel (A) = {(¢1,92.9r) | 1,902 € T2, Va € A, pr(a) € VRel (p1(a), p2()) }

where the first two components give syntactic types for the left and right hand
sides of the relation and the third component is a relation between those types.

The interpretation of types, [- - -] is by induction on the judgement A F 7.
Given a judgment A - 7 and ¢ € VRel (A) we have [AF 7] () € VRel (¢1(7), p2(7))
where the @1 and @9 are the first two components of ¢ and o1 (7) denotes sub-
stitution of types in ¢; for free type variables in 7. Moreover [-] is non-expansive



in the sense that [A F 7] (¢)(n) can depend only on the values of ¢, (a)(k) for
k < n. The interpretation of types is defined in Figure 1. Note that the value
relations are as simple as for a language without probabilistic choice. The crucial
difference is hidden in the T T-closure of value relations.

[AF nat] (¢)(n) = {(k,k) | k€ N,k >0}
[AFT =0l (p)(n) = {Aze, Ay.e’) | Vi <n,¥(v,0') € [A+ 7] (9) (),
(Az.e)v, (Ay.)v') € [A+ ol (0) " ()}
[AFVar](p)(n) = {(Ae, A€') | Vo,0’ € T,Vr € VRel (0,0"),
(e;e) €[A,arT](plam )T (n)}
[AF Ja.r] (¢)(n) = {(packv,packv’) | 30,0’ € T,3r € VRel (0,0"),
(v, ") € [A,a b 7] (¢a7]) (n)}
[AF pa.r] (¢)(0) = Val (¢1(pa.)) x Val (p2(pa.7))
[AF pot] (@) (n+ 1) = {(foldw, foldv’) |
(v,0") € [A,a b 7] (o= [AF pat] (9)]) (n)}
Fig. 1. Interpretation of types. The cases for sum and product types are in Appendix.

Context extension lemmas To prove soundness and completeness we need lem-
mas stating how extending evaluation contexts preserves relatedness. We only
show the case for rand . The rest are similarly simple.

Lemma 4.4. Let n € N. If (E,E') € [A+nat] () (n) are related evaluation
contexts then (E o (rand|]), E' o (rand[])) € [A+ nat] (o) (n).

Proof. Let n € Nand (v,v") € [AF 7] (¢)(n). By construction we have v = v’ =
m for some m € N, m > 1. Let k < n. If kK = 0 the result is immediate, so assume
k = {+ 1. Using Lemma 4 we have Pr (E[randm] {*) = L 3" Pr (E[] |})
and using the assumption (E, E') € [A F nat] ()" (n), the fact that k < n and
monotonicity in the step-index the latter term is less than = > Pr(E'[i] |})

m

which by definition of Pr (- |}) is equal to Pr (F’'[randm] |}).

We define the logical approximation relation for open terms given the inter-
pretations of types in Figure 1. We define A | I't e <9 ¢/ : 7 to mean

Vn € N,Vo € VRel (Q),V(v,7) € [AF I'] (p)(n), (ev,e'y) € [AF 7] wv(n)

Here [A b I'] is the obvious extension of interpretation of types to interpretation
of contexts which relates substitutions, mapping variables to values. We then
have the following fundamental property of the logical relation.

Proposition 4.5. The logical approximation relation Slog is compatible. In par-
ticular it is reflexive.

Proof. The proof is a simple consequence of the context extension lemmas. We
show the case for rand. We have to show that A | I' e Slog €’ : nat implies

A| T+ rande < rand ¢ : nat. Let n € N, ¢ € VRel(A) and (7,7) €



[AF I'T(p)(n). Let f = eyand f’ = e’4’. Then our assumption gives us (f, f') €
[AF nat] (gp)ﬁ(n) and we are to show (rand f,rand f’) € [A F nat] (cp)v(n)
Let j < n and (E,E') € [AF nat](¢)' (j). Then from Lemma 6 we have
(E o (rand[)), E o (rand[])) € [A F nat] () (n) which suffices by the fact that

(f.f)) € [AFnat] (p) " (n).

We now want to relate logical, CIU and contextual approximation relations.
We start by showing adequacy of the logical relation.

Corollary 4.6. Logical approzimation relation §log is adequate.

Proof. Assume @ | @ b e <" ¢/ : 7. We are to show that Pr (e |}) < Pr (e |).
Straight from the definition we have ¥n € N, (e,¢’) € [@ 7] (n). The empty
evaluation context is always related to itself (at any type). This implies Vn €
N,Pr (e ") < Pr (¢’ |}) which further implies (since the right-hand side is inde-
pendent of n) that sup,,c,, (Pr(e §")) < Pr (e’ |}). Using Proposition 1 we thus
have Pr (e ||) < sup,,¢,, (Pr(e ™)) < Pr (e’ |}) concluding the proof.

As a simple corollary, we have that for well-typed expressions, the supremum of
stratified observations is equal to the actual observation.

Corollary 4.7. If e € Tm is well-typed then sup,,c,, (Pr(e |")) =Pr(e ).

We now have that the logical relation is adequate and compatible. This does
not immediately imply that it is contained in the contextual approximation
relation, since we do not know that it is transitive. However we have the following
lemma where by transitive closure we mean that for each A, I' and 7 we take
the transitive closure of the relation {(e,e’) | A | I' e <l ¢ . 7). This is
another type-indexed relation.

Lemma 4.8. The transitive closure of g“’g is compatible and adequate.

Proof. Transitive closure of an adequate relation is adequate. Similarly the tran-
sitive closure of a compatible and reflexive relation (in the sense of Definition 3)
is again compatible (and reflexive).

And we arrive at the the main theorem.

Theorem 4.9 (CIU theorem). The relations <'°7, <V and < coincide.

Proof. 1t is standard (e.g. [14]) that < is included in <Y, We show that the
logical approximation relation is contained in the CIU approximation relation
in the standard way for biorthogonal step-indexed logical relations. To see that
<! is included in <" we have by Lemma 7 that the transitive closure of <Y
is an adequate precongruence, thus included in <. And <'? is included in the
transitive closure of g“’g . We have thus completed the cycle of inclusions.

Using the logical relation and Theorem 1 we can prove the following exten-
stionality properties. The proofs are standard and can be found in the Appendix.
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Lemma 4.10 (Functional extensionality for values). Suppose 7,0 € T(A)
and let f and f' be two values of type T — o in context A | I'. If for all
we Val(r) we have A | T'F fu <™ flu:othen A|THf<SYfr—o0.

The extensionality for expressions, as opposed to only wvalues, of function type
does not hold in general due to the presence of choice reductions. See Remark 77
for an example. We also have extensionality for values of the universal type.

Lemma 4.11 (Extensionality for the universal type). Let 7 € T(A, «) be
a type. Let f, f' be two values of type Va7t in context A | I'. If for all closed
types o we have A | T+ f[] < f'[) : [0 /] then A| T+ f < f: Va.r.

5 Examples

We now use our logical relation to prove some example equivalences. We show
two examples involving polymorphism. In the Appendix we show additional
examples. In particular we show the correctness of von Neumann’s procedure for
generating a fair sequence of coin tosses from an unfair coin. That example in
particular shows how the use of biorthogonality allows us to “externalize” the
reasoning to arithmetic manipulations.

We first define fix : Va,B.((a—=B) =(a—8)) — (a—3) be the term
AANfAz.07(f01ddy) z where &7 is the term Ay.let y' =unfoldy in f (\z.y' yz).
This is a call-by-value fixed-point combinator. We also write e; & es for the term
if; rand 2 then e; else ey. Note that the choice is made before evaluating e;’s.

We characterize inhabitants of a polymorphic type and show a free theorem.
For the former, we need to know which real numbers can be probabilities of
termination of programs. Recall that a real number r is left-computable if there
exists a computable increasing (not necessarily strictly) sequence {g,}ne. of
rational numbers such that r = sup,,,, ¢». In Appendix 7?7 we prove.

Proposition 5.1. For any expression e, Pr (e |}) is a left-computable real num-
ber and for any left-computable real number r in the interval [0,1] there is a
closed term e, of type 1 — 1 such that Pr (e, () |}) = r.

Inhabitants of the type Va.a — « In this section we use further syntactic
sugar for sequencing. When e, ¢’ € Tm are closed terms we write e; ¢’ for (A_.e’) e,
i.e. first run e, ignore the result and then run e¢’. We will need the property that
for all terms e, ¢’ € Tm, Pr (e;e’ ||) = Pr(e ) -Pr (¢’ ). The proof is by Scott
induction and can be found in the Appendix.

Using Proposition 3 we have for each left-computable real r in the interval
[0,1] an inhabitant ¢, of the type Va.ao — « given by A Az.e, (); x.

We now show that these are the only inhabitants of Ya.ae — « of the form
AXz.e. Given such an inhabitant let r = Pr (e[()/x] ). We know from Propo-
sition 3 that r is left-computable.

Given a value v of type 7 and n € N we define relations R(n) = {({),v)}
and S(n) = {(v,())}. Note that the relations are independent of n, i.e. R and
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S are constant relations. By reflexivity of the logical relation and the relational
actions of types we have

vn, (el()/a],elv/a]) € RT (n)  and ¥, (elv/a],e[()/a]) € ST (n) (1)

from which we conclude that Pr (e[()/z] {|) = Pr (e[v/z] ). We now show that v
and e[v/x] are CIU-equivalent. Let E € Stk (7) be an evaluation context. Let ¢ =
Pr (E[v] ). Define the evaluation context E' = —;e, (). Then (E,E’) € ST (n)
for all n which then means, using (1) and Proposition 1, that Pr (Ele[v/z]] §) <
Pr (E'[e[()/z]] {). We then have

Pr (E'e[()/2]] ) = Pr (e[(}/z] §) - Pr(eq () ) =7 - Pr(E[v] })

and so Pr (Fle[v/z]] |}) < r-Pr(E[v] ).

Similarly we have (E’, E) € R (n) for all n which implies Pr (E[e[v/x]] {}) >
Pr (E'[e[()/z]] {). We also have Pr (E'[e[()/z]] |) =7 - Pr (E[v] |).

So we have proved Pr (Ele[v/x]] |}) = rPr (E[v] {) = Pr (e[v/z] |)-Pr (E[v] |).
It is easy to show by Scott induction, that Pr(E[t.[Jv] ) = Pr(e. () |) -
Pr(E[v] §). We have thus shown that for any value v, the terms e[v/z] and
Pr(t.[Jv ) are CIU-equivalent. Using Theorem 1 and Lemmas 9 and 8 we can
thus conclude that the terms Va.Az.e and ¢, are contextually equivalent.

Remark 5.2. Unfortunately we cannot so easily characterize general values of the
type Va.ao — «, that is, those not of the form A.v for a value v. Consider the term
Ati @ty It is a straightforward calculation that for any evaluation context E

2 3
and value v, Pr (E {(t% @ t%) v} U) = 2Pr(E[v] ) =Pr (E [t% v} U) thus
if A.t% St is equivalent to any A.t,. it must be A.tl%.

Let E be the evaluation context £ =1let f = —[] in let = f () in f ().
We compute Pr (E [A.t% ® t%} l}) = 13 and Pr (E [A.t%} U) = 25 showing
that A.t1 @ t1 is not equivalent to A.t s .

This zexaniple also shows that extelllzsionality for expressions, as opposed to
values, of function type does not hold.

A free theorem We now show a free theorem for functions on lists. Let 7 be
a type and «a not free in 7. We write [7] for the type of lists pa.(1 + 7 X @),
nil for the empty list and cons : Va.ao — [a] — [a] for the other constructor
cons = A.\x.Azs.fold (inr (x, zs)). The function map of type Va.VS.(a — 5) —
[a] — [B] is the function applying the given function to all elements of the list
in order.

Additionally, we define composition of terms f o g as the term Az.f(g(x))
(for z not free in f and g).

We will now show that any term m of type Ya.V3.(a — ) — [a] — [] that is
equivalent to a term of the form A.A.\x.e satisfies m[][] (f o g) = m[][]f o map[|[] g
for all values f and all deterministic and terminating g. By this we mean that for
each value v in the domain of g, there exists a value u in the codomain of g, such
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that gv = u. For instance, if g reduces without using choice reductions and
is terminating, then g is deterministic. There are other functions that are also
deterministic and terminating, though, for instance Az.{) & (). In the Appendix
we show that these restrictions are not superfluous.

So let m be a closed term of type Va.V3.(a« — 8) — [a] — [B] and suppose
further that m is equivalent to a term of the form A.A.Ax.e. Let 7,0,p € ¥ be
closed types and f € Val (o — p) and g € Tm (7 — o) be a deterministic and
terminating function. Then

@ | @ mll[l(fog) =" ml[lf omap[l[lg : [7] — [p]-

We prove two approximations separately, starting with §Ctz. We use Theo-
rem 1 multiple times. We have a, 8| @ F m[][] : (&« = 8) = [a] — [8]. Let R =
An.{(v,u) | gv =" u} be a member of VRel (7,0) and S € VRel (p, p) be the
constant identity relation on Val (p). Let ¢ be a function mapping « to R and 8
to S. From Proposition 2 we have (m[|[], m[][]) € [(a — 8) = [a] = [F]] (go)Tr(
for all n € N.

We first claim that (f o g, f) € [a — 8] (¢)(n) for all n € N. Since f is a
value and has a type, it must be of the form Az.e for some = and e. Take j € N,
related values (v,u) € 7(j), k < j and (E,E') € ST (k) two related evaluation
contexts. We then have Pr (E'[f u] ||) = Pr (E'[f(gv)] |}) by Theorem 1 and the
definition of relation R. Using the results about Pr ( Uk) and Pr (- ) proved
in Section 77 in the Appendix this gives us

Pr(E[f(g)]¥*) < Y W@mPr(E] )< > W(@Pr(FW] )
m:f(g(v))~*w mf(g(v))~*w

and the last term is equal to Pr (E'[f(gv)] {) which is equal to Pr (E'[f u] |).

From this we can conclude (m[][] (f o g),m[|[] f) € [[o] = [8]] (¢) " (n) for
all n € N. Note that we have not yet used the fact that g is deterministic and
terminating. We do so now.

Let zs be a list of elements of type 7. Then it is easy to derive, by induction
on the length of the list, using the assumption on g, that there exists a list ys of
elements of type o, such that map[][] g zs =¢** ys and it is similarly easy to show
that this list ys satisfies (zs,ys) € [[@]] (¢)(n) for all n.

This gives us (m[][] (f o g) zs, m[][] fys) € [[B]] (¢) " (n) for all n € N. Since
the relation S is the identity relation, it is easy to see that for all evaluation
contexts E of a suitable type, (E, E) € ST (n) for all n, which gives

m{)[| (f o g)ws S m)[] fys = m[][] f (map(][] gzs) = (m[)]] f omap[}[] g) xs

where the last equality is an instance of the fact that all except the choice
reductions preserve equivalence, which is very easy to see by showing that CIU-
equivalence is preserved by such reductions and then using Theorem 1.
We now conclude by using the fact that m is (equivalent to) a term of the
form A.A.\z.e and use Lemma 8 to conclude m[][] (f o ¢) < m[][] f o map[][] g.
For the other direction, we proceed analogously. The relation for § remains
the identity relation, and the relation for R for « is {(v,u) | v =" gu}.

n)



13

6 Extension to references

We now sketch the extension of F#® to include dynamically allocated refer-
ences. For simplicity we add ground store only, so we do not have to solve a
domain equation giving us the space of semantic types and worlds. We show an
equivalence using state and probabilistic choice which shows that the addition
of references to the language is orthogonal to the addition of probabilistic choice
and, in particular, that the extension with higher-order dynamically allocated
references can be done as in earlier work on step-indexed logical relations.

We extend the language by adding the type ref nat and extend the grammar
of terms with ¢ | ref e | e; := ey | le with £ being locations.

To model allocation we need to index the interpretation of types by worlds.
To keep things simple a world w € W is partial bijection f on locations together
with, for each pair of locations (¢1,¢2) € f, a relation R on numerals. We write
(41,02, R) € w when the partial bijection in w relates ¢; and ¢ and R is the
relation assigned to the pair (¢1,¢3). Technically, worlds are relations of type
Loc? x P ({n | n € N}) satisfying the conditions described above.

The operational semantics has to be extended to include heaps, which are
modeled as finite maps from locations to numerals. Given a world, we define a
set of heaps that satisfy the world as

(h1,h2) S LwJ A4 V(ﬁl,EQ,R) cw, (hl(fl),hg(gg)) €ER

The interpretation of types is then extended to include worlds. The denotation of
a type is now an element of W ™" VRel (+,-) where the order on W is inclusion.

Let WRel (1,7') = W ™3" VRel (7, 7). The interpretation of the reference type
is [A F ref nat] (p)(n) = Aw. {(£1,£2) | (¢1,02,=) € w} where = is the equality
relation on numerals.

The rest of the interpretation stays the same, apart from some quantification
over “future worlds” in the function case to maintain monotonicity. We also need
to change the definition of the T T-closure to use the world satisfaction relation.
For r € WRel (7, 7') we define an indexed relation (indexed by worlds) r . The
relation r ' at world w and step-index n, written 7' (w)(n), is

) V' > w,Vk < n,V(h17h2) c Lw/J , Yo, v € T(w/)(k)7
{(E7E ) ‘ Pr ((h1, Blv]) 4*) < Pr ((ha, Elva]) 1) }

and analogously for -*.

We now sketch a proof that two modules, each implementing a counter
by using a single internal location, are contextually equivalent. The increment
method is special. When called, it chooses, uniformly, whether to increment
the counter or not. The two modules differ in the way they increment the
counter. One module increments the counter by 1, the other by 2. Concretely,
we show that the two counters pack (A — .ref 1, \z.!z, A\z.() & (z := S!z)) and
pack (A — .ref 2, Az.lz div 2, A\z.() ® (z := S(S!x))) are contextually equivalent
at type Ja.(1 = «) X (@« — nat) x (« — 1). We have used div for the divi-
sion function on numerals which can easily be implemented as a deterministic
terminating function.
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The interpretation of existentials [A F Ja.7] (¢)(n) now maps the world w

to
{(packv pack /) ’ Jdo,0’ € ¥,3r € WRel(0,0’), }
’ (v,v) €[4, a k7] (pla = r]) (w)(n)

To prove the counters are contextually equivalent we show them directly
related in the value relation. We choose the types o and ¢’ to be ref nat and
the relation r to be Aw. {(61,62) | (61,82, {(@,M) | n e N}) € w} We now
need to check all three functions to be related at the value relation.

First, the allocation functions. We only show one approximation, the other is
completely analogous. Concretely, we show that for any n € N and any world w €
W we have (A — .ref 1,\ — .ref 2) € [1 — o] (r)(w)(n). Let n € Nand w € W.
Take w’ > w and related arguments v,v" at type 1. We know by construction
that v = v' = () so we have to show that (ref 1,ref 2) € [o] (r) (w')(n).

Let w” > w’ and j < n and take two related evaluation contexts (F, E’) at
[a] ()" (w")(j) and (h,h) € |w"]. Let £) & dom (h ) We have

Pr ((h, E[ret 1]) {/) = Pr ((h [0 — 1], E[()) |/)
and Pr ((W/, E'[ref 2]) ) =Pr ((A' [t/ — 2], E'[¢]) ).

Let w” be w” extended with (¢,¢',7). Then the extended heaps are in |w"’]
and w” > w”. Thus E and E’ are also related at w’”’ by monotonicity. Similarly
we can prove that (£,¢) € [o] (r)(j)(w"). This then allows us to conclude
Pr ((h[l — 1], E[(]) V) < Pr (W' [¢ — 2], E'[(']) |}) which concludes the proof.

Lookup is simple to show. The more interesting case is the update, which
chooses to increase or not.

Let n € N and w € W. Let ¢ and ¢’ be related at [a] (r)(w)(n). We need to
show that (() ® (£:=S1),() ® (¢ :=8(8l'))) € [1] (r)v(w)(n) Take w’ > w,
j <nand (h,h') € |w']. Take related evaluation contexts E and E’ at w’ and
j. We have the following two identities

Pr((h,E[() & (¢:=810))) ) = %Pr (h, E[)]) V) + %Pr ((h,E[¢:=s]) I7)

Pr((1, E'[() ® (" :=88W)]) §) = ;Pr (W', E'[(]) I) + %PF ((r', E"[t":= 88 1) §)
Since ¢ and ¢ are related at [o] (r)(w)(n) and w’ > w and (h,h') € [w'| we
know that h(¢) = m and h’((’) = 2-m for some m € N.

Thus Pr ((h, E [( := SU]) ) = Pr ((hy, E[()]) {/) where hy = h [l — m +1].
Similarly we have Pr((h’ E’[ 0 :=88W1) ) =Pr ((he, E'[(})]) ||) where hy =

n [ﬁ’ —2-(m+ 1)} The fact that hy and he are still related concludes the

proof.
The above proof shows that reasoning about examples involving state and
choice is possible and that the two features are largely orthogonal.

7 Conclusion

We have constructed a step-indexed logical relation for a higher-order language
with probabilistic choice. In contrast to earlier work, our language also features
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impredicative polymorphism and recursive types. We also show how to extend
our logical relation to a language with dynamically allocated local state. In fu-
ture work, we will explore whether the step-indexed technique can be used for
developing models of program logics for probabilistic computation that support
reasoning about more properties than just contextual equivalence. We are also
interested in extensions to include primitives for continuous probability distri-
butions.
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APPENDIX

A Language definitions and properties

Tu=al|l|nat | X2 |14+ | T — 2| pat | Var | JaT
vi=x|{)|n]| (vi,v2) | Az.e | inl v | inr v | A.e | packv
ex=z|()|n](e,e2) | Az.e|inl e | inr e | A.e | packe

| proj; e | e1 ez | match (e, z1.e1,z2.€2) | €]
| unpack e; as z in ez | unfolde | folde | rande
| if1 e then e; else ez |Pe | Se
E:=—|(E,e)|{(v,E)|inl E | inr E | pack E
| proj, E | Ee|vE |match (E,z1.e1,x2.€2) | E
| unpack E as x in e | unfold F | fold E
| if1 F then ey else ez |rand E |PE |SE

Fig. 2. Types, terms and evaluation contexts. n are numerals of type nat.

aEA A"’H A}_TQ A}_Tl Al_TQ
AF1 A F nat
AF « AT X T2 AT+ 1
A7 Al 1o AabT AabT AabT
AT =7 AF Jo.r AFVYo.r Al po.t

Fig. 3. Well-formed types. The judgment A F 7 expresses ftv(1) C A.

The following lemma uses definitions from Section 3.

Lemma A.1. @ is monotone and preserves suprema of w-chains.

Proof. Since the order in F is pointwise and multiplication and addition are
monotone it is easy to see that @ is monotone.

To show that it is continuous let {f, }ne. be an w-chain in F. If e is a value
the result is immediate. Otherwise we have

o (sup fn) (e) = Z p- (sup fn> (')

new new



17

and since suprema in F are computed pointwise we have

= > p-sup (fu(e')

Using the fact that sum and product are continuous and that the sum in the
definition of @ is finite we get

P (sgp fn) (e) = sgp Z P fale)

=sup P (fn)(e) = (sup @(fn)> (e)
new new

Ezxample A.2. Let us compute probabilities of termination of some example pro-

grams.

— If v € Val then by definition Pr (v {}) = 1.
— If e € Tm \ Val is stuck then Pr (e |}) = 0 by definition.

— Suppose there exists a cycle e RS e1 > e RN S en % e. Then Pr (el) =
Pr(e;§)=---=Pr(e,J)=0.
It follows from the assumption that none of ej are values and since the sum
of outgoing weights is at most 1 we have that for each e, and e all other
weights must be 0. We thus get that Pr (e {}) =Pr(e; |}) =--- =Pr (e, |)
by simply unfolding the fixed point n-times. To show that they are all 0 we
use Scott induction. Define

S={feFlf(e) = fler) = fle2) = ... = flen) = 0}.

Clearly S is an admissible subset of F and L € S. Using the above exis-
tence of the cycle of reductions it is easy to show that & C @ [S]. Hence by
the principle of Scott induction we have Pr (- |}) € S and thus Pr(e ) =
Pr(e; J)=...=Pr(e, ) =0.

This example also shows that we do really want the least fixed point of @, since
this allows us to use Scott-induction and prove that diverging terms have zero
probability of termination.

Remark A.3. Tt is perhaps instructive to consider the relationship to the termi-
nation predicate when we do not have weights on reductions. In such a case we
can consider two extremes, may- and must-termination predicates. These can
be considered to be maps Tm — 2 where 2 is the boolean lattice 0 < 1. Let
B =Tm — 2. Since 2 is a complete lattice so is B. In particular it is a pointed
w-cpo. We can define may-termination as the least fixed point of ¥ : B — B
defined as

1 if e € Val
w(f)(e) = max f(e') otherwise

e~~e’
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Observe again that if e is stuck then ¥(f)(e) = 0 since the maximum of an
empty set is the least element by definition.
Must-termination is slightly different. We need a special case for stuck terms.

1 if e € Val
7'(f)(e) = 4 min f(e) 3¢’ e Tm,pe L, e ¢

e~~e’

0 otherwise

Let | be the least fixed point of ¥ and |} the least fixed point of ¥/. An
additional property that holds for | and J}, because of the fact that 2 is discrete,
is that for a given e, if e/ = 1 then there is a natural number n, such that
Un(L)(e) = 1, i.e. if it terminates we can observe this in finite time. This is
because if an increasing sequence in 2 has supremum 1, then the sequence must
be constant 1 from some point onward.

In contrast, if Pr (e {}) = 1 it is not necessarily the case that there is a natural
number n with #"(L)(e) = 1 because it might be the case that 1 is only reached
in the limit.

The next lemma uses the abbreviation ; defined in Section 5.
Lemma A.4. For all terms e,e’ € Tm, Pr(e;e’ |J) =Pr(e |) - Pr (e ).

Proof. We prove two approximations separately, both of them by Scott induc-
tion.

< Consider the set

_ fF<Pr(-J)AVe,e € Tm,
- {fEI flere’) <Pr(clh) Pr(e u)}

It is easy to see that S contains L and is closed under w-chains, so we only
need to show that it is preserved by @. The first condition is trivial to check
since Pr (- |}) is a fixed point of @. Let f € F and e, ¢’ € Tm. If e € Val then
&(f)(e;€') = f(e’) on account of one S-reduction. By assumption f(e’) <
Pr (¢’ |}) and by definition we have Pr (e |}) = 1.
If e is not a value we have &(f)(ese’) = > » ,p-f(e"5€') <30 » . p-
Pr(e’|) -Pr(e'|})=Pr(el) Pr(e ).
Thus we can conclude by Scott induction that Pr (- |) € S.

> For this direction we consider the set

{fe}_‘VEeStkeevaeVal }

[e] ) = f(e) - Pr (B[] §)
It is easy to see that it is admissible and closed under ¢. Hence Pr( )eS.
Thus we have, taking F = —; ¢’ and any value v, that Pr (e |})-Pr (v;e’ ||) <

Pr(e;e’ ||) and it is easy to see that Pr (v;e’ ||) = Pr (¢’ |}).

Lemma A.5. Lete,¢’ € Tm. Ife 24 o then for allk, Pr (e *) = Pr (¢/ |¥).
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Proof. When k is 0 the result is immediate. So assume & > 0. We need to
distinguish two cases.

— If there exists v’ € Val such that ¢/ <% o then we also have e <% ¢/ and
we are done.

— If not, then we need to inspect the definition of Red (e) and Red (¢’). Tt
is easy to see that any path m € Red (¢’) corresponds to a unique path
7' -7 in Red (e). It is similarly easy to see that W () = W («’ - 7) and that
{(w) = (x' - ). Thus we have that Pr (e |*) = Pr (¢/ |I*).

Proposition A.6. For each e € Tm we have Pr (e |}) < sup,¢,, (Pr (e l}k))

Proof. We use Scott induction. Let S be the set

S= {f €eF ' Ve, f(e) < sup (Pr (e W“))}

kew

It is easy to see that S is closed under limits of w-chains and that L € S so we
only need to show that S is closed under @. Let f € S and e an expression. We
have

1 if e € Val
P(f)(e) = p- f(e') otherwise
and we consider 4 cases.
— e € Val. We always have e M ¢ and so we have that for any k > 0,

Pr (e ilk) = 1 which is the top element.

— ¢ ¢ and the reduction is not unfold-fold or choice. Then we use Lemma 3
to get Pr (e *) = Pr (¢’ {*) for all k. Similarly we have that &(f)(e) =
f(€) from the definition of @. Thus we can use the assumption that f € S.

— e~ ¢’ and the reduction is unfold-fold. This follows directly from the defi-
nition of Red (), ¥ and the assumption that f € S.

— The reduction from e is a choice reduction. Suppose e reduces to ey, ea, ..., €,.
Then we know from the operational semantics that the weights are all %
We get

n

= 1
i = ’ d P D) =N " ZPr (e; 45). (2
(H)e) ;:1: fle)  an r(e ") ;:1: ~Pr(elt). (2)
Using the fact that Pr (ei l}k) is an increasing chain in k for each e; we have

n

sup (Pr (e 19)) = 3 L sup (Pr (e: 4)) 3)

n
kew i—1 kew

By assumption f(e;) < supe, (Pr (ei lLk)) for all i € {1,2,...,n} which
concludes the proof using (?7) and (77).
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Interpretation of types and the logical relation

Lemma A.7. The interpretation of types in Figure 1 is well defined. In partic-
ular the interpretation of types is non-expansive.

The substitution lemma is crucial for proving compatibility of existential and
universal types. The proof is by induction.

Lemma A.8 (Substitution). For any well-formed types A,a b7 and A+ o
and any ¢ we have [AF 7lo/a]] (¢) = [A,a b 7] (¢[a— [AF o] (p)]).

We state and prove additional context extension lemmas. The other cases
are similar.

Lemma A.9. Letn € N. If (v,v') € [AF 11 — 1] (¢)(n) and (E, E') € [AF 1] (¢) (n)
then (E o (v])), B o (v'[))) € [AF mi] () (n).

This follows directly from the definition of the interpretation of types.

Corollary A.10. Letn € N. If (e,¢') € [AF 1] (¢) " (n) and (E, E') € [AF 73] () " (n)
then
(Bo([le).E'o([[¢) € [AF 71 = ] () (n).

Proof. Let n € N. Take (v,v") € [AF 71 — 72] (¢)(n). By Lemma ?? and mono-
tonicity we have for all k < n, (Eo (v]])), E' o (v'[])) € [AF 1] (¢) " (k) and by
the assumption that (e,e’) € [AF 1] (¢)'" (n) we have

Pr (E[ve] |*) <Pr(E'W €] |)
concluding the proof.

Lemma A.11. Let n € N. If (E,E') € [AF r[pa.t/a]] ()" (n) then
(E o (unfold|)), E' o (unfold[))) € [A+ pe.7] ()" (n).
Proof. Let n € N. We consider two cases.

—n=m+1
Take (foldw,foldv’) € [AF pa.7] (¢)(n). By definition

(v,0') € [AF Tlpa.t/a]] (@) (m).

Let k < n.If k = 0 the condition is trivially true (since Pr (E[unfold foldv] |¥) =
0) so assume k = {+ 1. Note that crucially £ < m. Using Lemma 5, Lemma 4
and Lemma 2 we have

Pr (E[unfold (foldw)] l}k) P (EM l}z)
Pr (E'[V] |)
Pr(E'|

(E'[unfold (foldv')] |})

VA
.

concluding the proof.
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— n = 0. This case is trivial, since Pr (e {|°) = 0 for any e.
Lemma A.12. Let n € N. If (E,E') € [A+ pa.t] (p) " (n) then
(Eo(fold[]), E' o (fold[))) € [A F r[ua.m/a]] (9) " (n).

Proof. Easily follows from the fact that if (v,v’) are related at the unfolded type
then (foldwv,foldv’) are related at the folded type (using weakening to get to
the same stage).

To relate the logical relation to contextual and CIU approximations we first
have that the composition of logical and CIU approximations is included in the
logical approximation relation.

Corollary A.13. If A | T+ e <" ¢ 7 and A | T+ ¢ <V e : 1 then
A\ergloge”:'r

This follows directly from the definition. This corollary in turn implies, together
with Proposition 2 and the fact that all compatible relations are in particular
reflexive, that CIU approximation relation is contained in the logical relation.

Corollary A.14. If A | TFe <V 7 then A|TFe<¢ : 7
Finally we have adequacy of the logical relation.

Corollary A.15. Logical approximation relation 5“’9 is adequate.

Proof. Assume @ | @ b e <" ¢/ : 7. We are to show that Pr (e |}) < Pr (¢ |).
Straight from the definition we have ¥n € N, (e,¢’) € [@ F 7] (n). The empty
evaluation context is always related to itself (at any type). This implies Vn €
N,Pr (e ") < Pr (¢’ |}) which further implies (since the right-hand side is inde-
pendent of n) that sup,,c,, (Pr(e |")) < Pr (e’ |}). Using Proposition 1 we thus
have Pr (e ) < sup,,c., (Pr(e ™)) < Pr (e |}) concluding the proof.

Lemma A.16 (Functional extensionality for values). Suppose 7,0 € T(A)
and let Ax.e and \x'.€’' be two values of type 7 — o in context A | I'. If for all
u € Val (1) we have A | I'F (Az.e) u < (\a'.€/) u: o then

AlTFXze < Xe'e :7 =0 .

Proof. We use Theorem 1 several times and show Az.e and \x’.¢’ are logically
related. Let n € N, ¢ € VRel (A) and (v,7") € [AF I'] (¢)(n). Let v = Ax.ey
and v/ = Az’.¢’y’. We are to show (v,v') € [AF 7 — o] (¢) " (n) and to do this
we show directly (v,v') € [AF T — U]] (p)(n).

Let j < n, (u,v) € [7] (9)(n), k < j and (E,E') € [0] (p)" (k). We have
to show Pr (E[v u] IF) < Pr (E'[v o] U) From Proposition 2 we have that

(v,v) € [r = o] (¢)" (n) and so Pr (Elvu] %) < Pr(E'[vu/] ). From the

1 <CIU o o'
~Y

assumption of the lemma we have that vu v which concludes the

proof.
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Lemma A.17 (Extensionality for the universal type). Let 7 € T(A, a) be
a type. Let A.e, A.e’ be two terms of type Va1 in context A | I'. If for all closed
types 0 € ¥ we have

A|TFe<™e :1[0/a]
then A | '+ Ae < A : Va.r.

Proof. We again use Theorem 1 multiple times. Let n € N, ¢ € VRel (A) and
(7,7) € [AF I (¢)(n). Let v = Aery and v/ = A.e’y'. We show directly that
(v,0") € [A F Va.7] (¢)(n).

So take 0,0’ € T and r € VRel(o,0’) and we need to show (ev,e'y’) €
[A, o] (pla—1]) " (n). Let k < n and (E, E') related at k. We have to show
Pr (Eley] 4¥) < Pr(E'[¢/y] ||). From Proposition 2 we have

(ev.e7) € [A,a] (pla = 1)) (n)

and so Pr (E[en] {*) < Pr(E’[ey'] ). Let & be the types for the right hand
side in . Then E’ € Stk (7[d, 0’/ A, a]). Using the assumption of the lemma we
get that ey’ <YV ¢’y at the type 7]d, 0’/ A, o] which immediately implies that
Pr(E'[e7'] |) < Pr(E’[e'y] §) concluding the proof.

B The probability of termination

We prove the claims from Section 5 about the termination probability.

Proposition B.1. For any expression e, Pr (e |}) is a left-computable real num-
ber.

Proof. We first prove by induction that for any n, ¢"(L) restricts to a map
Tm — [0,1] N Q. The proof is simple since the function L clearly maps into
rationals and for the inductive step we use the fact that the sums in the definition
of @ are always finite, and the rational numbers are closed under finite sums.

To conclude the proof we have by definition that Pr (e ) = sup,,c., $"(L)(e)
and we have just shown that all the numbers ¢"(_L)(e) are rational. Moreover
the sequence {@"(L)(e)}, oy is computable, since for a given n we only need to
check all the reductions from e of length at most n to determine the value of
@"(1)(e) and the reduction relation % is naturally computable.

Ezample B.2. To see that the probability of termination can also be non-computable
we informally describe a program whose probability of termination would allow
us to solve the halting problem were it computable.

The program we construct is recursively defined as T' = fix[|[], ¢ where

=N rtx® (2 f(succ x))

where tx is a program that runs the z-th Turing machine on the empty input
and does not use any choice reductions. Thus Pr (tz |}) € {0, 1}. It is well known
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that the empty string acceptance problem is undecidable. Note that we put {2 in
the program to ensure that every second digit in binary will be 0. It is an easy
computation to show that

o0

1
Pr(T1|)= Z Sni1Pntl

n=0

where p,, = 1 if the n-th Turing machine terminates on the empty input and 0
otherwise. If Pr (7'1 |}) were computable we could decide whether a given Turing
machine accepts the empty string by computing its index n and then computing
the first 2n digits of Pr (T'1 |}).

We will now generalize the last example and show that any left-computable
real arises as the probability of termination of a program. Technically, we show
that given a term of the language that computes an increasing bounded sequence
of rationals (represented as pairs of naturals) we can define a program that
terminates with probability the supremum of the sequence. We then use the
fact that our language F*® is Turing complete to claim that any computable
sequence of rationals can be represented as such a term of F*®,

Proposition B.3. For every left-computable real in [0, 1] there is a program e,
of type 1 — 1 such that Pr (e, () |}) = 7.

Proof. So let r : nat — nat x nat compute an increasing sequence of rationals
in the interval [0, 1]. Additionally assume that for all n € N.

rn =% (kn, £)

for some k,, ¢, € N. That is, » does not use choice reductions. This is not an
essential limitation, but simplifies the argument which we are about to give.

First we define a recursive function e of type e : (nat — nat X nat) — 1 as
e = fix[|[] ¢ where

o =AfArlet (k,f) = rlin
let y = rand/{ in
if y < k then () else fr’

and

r (succz) — (k,£)
1= (k0

r = \z.

and subtraction and division is implemented in the obvious way. Note that the
condition in ¢ ensures that (k, £) does not represent the rational number 1 and
therefore division would make sense. But technically, since we implement ratio-
nals with pairs of naturals no exception can occur and we just represent the pair
with the second component being 0.
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Let f and 7 be values of the appropriate type. We have

Pr (7 U") <GP (0 47) + - o
1 1

Pr(fr' ™)

where r 1 =< (Ek1,£,). The inequality comes from the fact that applying r might
take some unfold-fold reductions. Iterating this we get

by, —k

i + 2 " .Pr (er(”) Umﬂ)

Pr (er llerHQn) < i ‘.

where rn =2 (k,,2,) and

=n’=n
r (succ™ z) — (k,,, L,)
)\ i i3 n
: 1- (En’gn)

is the n-th iteration of the ' used on r in .
It is easy to see that Pr (e () lll) = 0 since it takes at least one unfold-fold

and one choice reduction to terminate. Thus picking m = 1 we have Pr (e r llz+2") =

% and thus

o)

ky,
sup Pr (er ||") < sup —

new new en

Using the same reasoning as above we also have

b, —k
4

n

k
Pr(er|) > 7 + Pr (67” l}) >

S|

which shows (using Proposition 1) that

kn K,
sup — < Pr(er ) <supPr(er ") < sup —

new tn new new fn
and so

sup@ =Pr(erl).
new gn

C Distributions

We now define distributions and prove some of their properties and properties
of the probability of termination which are used in the examples.

By a distribution we mean a subprobability measure on the discrete space
Val of values. Let

Dist = {f : Val = [0,1]| Y f(v) <1}

vEVal
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be the space of subprobability measures on Val. To be precise, f € Dist are
not measures, but given any f we can define a subprobability measure pf(A4) =
> vea f(v) and given any subprobability measure y, we can define f, € Dist
as the Radon-Nikodym derivative with respect to the counting measure. Or in
more prosaic terms f,(v) = p({v}). It is easy to see that these two operations
are mutually inverse and since f € Dist are easier to work with we choose this
presentation.

Lemma C.1. Dist ordered pointwise is a pointed w-cpo.

Proof. The bottom element is the everywhere 0 function. Let {f,}ncw be an
w-chain. Define the limit function f as the pointwise supremum

f(’U) = Sup fn(v)

necw

Clearly all pointwise suprema exist and f is the least upper bound, provided we
can show that f € Dist. To show this last fact we need to show

Z sup fn(v) < 1.
vEVal new

but this is a simple consequence of Fatou’s lemma since from the assumption

that {fn}new we have sup,,c,, frn(v) = lim, o fn(v) = liminf,_, fn(v) and so
by Fatou’s lemma (relative to the counting measure on Val) we have

Z sup f(v) < liminf ( Z fn(v)> <liminfl =1.
veval "€ " \veval e
Now define = : (Tm — Dist) — (Tm — Dist) as follows

if e € Val

de
(p)(e) = Z p-p(e') otherwise

e~~e’

[

where 6, is (the density function of) the Dirac measure at point e. Since Dist
is an w-cpo so is Tm — Dist ordered pointwise. It is easy to see that in this
ordering = is monotone and continuous and so by Kleene’s fixed point theorem
it has a least fixed point reached in w iterations. Let D = sup,,c,, (Z"(L)) be
this fixed point.

Lemma C.2. Let e € Tm and v € Val. If D(e)(v) > 0 then there exists a path
m from e to v, i.e. e steps to v.

Proof. We use Scott induction. Define

S ={f:Tm — Dist ‘ Ve,v, f(e)(v) >0 — Im,7:e~" v}
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The set S contains L. To see that it is closed under w-chains observe that if
(sup,ey fn) (€)(v) > 0 then there must be n € w, such that f,(e)(v) > 0 so we
may use the path from e to v that we know exists from the assumption that
fn€S.

It is similarly easy to see that given f € S we have Z(f) € S. Thus we have
that D € S concluding the proof.

Lemma C.3. For any expression e € Tm we have

Y D(e)(v) =Pr(el)

vEVal

Proof. First we show by induction on n that all the finite approximations of
Pr (e ) and D(e) agree.

— The base case is trivial since by definition
> E%L)(e)(w) =0=2(L)(e)
veVal

— For the inductive case we consider two cases. If e € Val then both sides are
1. In the other case we have

ST E W = > [ dp-EME) | ()

vEVal vEVal \ 2 ./
=Y (Trmew
vEVal el

by Tonelli’s theorem we can we can interchange the sums to get

=> <p ) 5"<e'><v>>

vEVal

oot
e~~e

=" p B (L)() = (L) (e)

e~>e

Thus we have that for all n,

Y EML)E)w) =2 (L)(e)

veVal

and so

sup < > 5”@)(6)@)) = sup (" (L)(e)) = Pr (e )

new vEVal
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By the dominated convergence theorem we can exchange the sup (which is the
limit) and the sum on the left to get

sup < > 5”(L)(6)(v)> = > sup (Z"(L)(e)(v))

new vEVal UGValnew
= Y D(e)(v)
veVal
as required.

Proposition C.4 (Monadic bind for distributions). Let e € Tm and E
an evaluation context of appropriate type.

D(E[) = Y D(e)w)- D (E)).
vEVal
Proof. 1t is easy to show by induction on ¢ that
Vee Tm,Z° (L) (Ele) = > Y W(n)-Z7 (E)) (4)

vEVal mie~s*v
len(m)<(t

(using the fact that the length of the empty path is 0 and its weight 1).
Similarly it is easy to show by induction on ¢ that

Vee Tm, 2 (L) (e) (v) = Y Wi(n) (5)
e <e
which immediately implies
Ve € Tm, D(e)(v) = Z W () (6)
Using these we have
D(E[])=sup Y > W(n) - E (B

tew veVal m:e~"v

len(m)<({
and since for each v the sequence Z W (r) - Z071en( (E[u]) is increasing
e~ v
len(m)<(t
with ¢ we have

= > sup Y W(r)-Z (B

vEVal tew

TiemsTy
len(m)<{

= > > W D(EW)

vEVal m:e~*v

> DER) Y Win)

veVal Tie~s*v

Y D(e)(v)-D(E[v])

vEVal
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Corollary C.5. Let e € Tm be typeable and E an evaluation context of appro-
priate type. Then Pr (Ele] ) =3 .. ., W(m) -Pr(E[v] |}).

Corollary C.6. For any term e and evaluation context E the equality

Pr(E[] ) = Y D(e)(v)-Pr(E[] V)

vEVal

holds.

Corollary C.7. Lete € Tm and E an evaluation context. Suppose D(e) = p-0,
for some v € Val and p € [0,1]. Then Pr (Ele] |) =p-Pr(E[v] |).

Proof. Use Proposition 7?7 and Lemma 77?.

Proposition C.8. For any evaluation context E and term e and any k € N,

Pr(Ele] 1*) < Y W(n) - Pr(E] %)

e~ *v

The proof proceeds by induction on k.

D Further examples

In this section we show further equivalences which did not fit into the paper
proper due to space restrictions.

Fair coin from an unfair one Given an unfair coin, that is, a coin that comes
up heads with probability p and tails with probability 1 —p, where 0 < p < 1 we
can derive an infinite sequence of fair coin tosses using the procedure proposed
by von Neumann. The procedure follows from the observation that if we toss an
unfair coin twice, the likelihood of getting (H, T) is the same as the likelihood
of getting (T, H). So the procedure works as follows

— Toss the coin twice
— If the result is (H, T) or (T, H) return the result of the first toss
— Else repeat the process

We only consider rational p in this section (for a computable p we could
proceed similarly, but the details would be more involved, since the function
which returns 1 with probability p and 0 with probability 1 — p is a bit more
challenging to write).

Let 1 < k < n be two natural numbers and p = % Below we define e, : 1 — 2
to be the term implementing the von Neumann procedure for generating fair
coin tosses from an unfair coin ¢, which returns true with probability p and
false with proability 1 — p. We will show that e, is contextually equivalent to
Az.true @ false. We define e, as

ep = Tix[][ly
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where

2=1+1
true = inl ()
false = inr ()
e = ¢ =match (e, €/, _match (¢, .false, .true))
if e then e; else e; = match (e, _.eq, _.€2)
t, = A().let y =randn in (y < k)

and

e=AfA).let z = ¢, () in
lety = t,() in
if =y then f () else z.

By a simple calculation using the operational semantics we can see that
given any evaluation context E, we have Pr(E[t, ()] |) = £Pr (E[true] ) +
2=kPpr(E[false] ||). Given any value f of type (1 — 2) and any evaluation
context F with the hole of type 2 we compute that Pr (E[e f ()] {) is equal to
WPI‘ (E[f Old)+2- wPr (E[true @ false| |}). Finally for e, and
any evaluation context F with hole of type 2 we have

k% + (n—k)?
T

Pr (Ele, O] §) = Pr(pe, () 1)

k-(n—k)

Pr (Ele, O] 1)

+2- Pr (E[true @ false] |}).

n
from which we have by simple algebraic manipulation that Pr (Ele, ()] {}) =
Pr (E[true @ false] |}).

It is now straightforward to show @ | @ I e, 2!°9 \().true @ false: 1 — 2
since both e, and A().true @ false are values, so we can show them related in
the value relation. The proof uses reflexivity of =/°9.

Alternatively, we could have used Theorem 1 and showed directly that e, ()
and true @ false are CIU-equivalent and then used extensionality for values to
conclude the proof.

A hesitant identity function We consider the identity function e that does
not return immediately, but instead when applied to a value v flips a coin whether
to return v or call itself recursively with the same argument. We show that this
function is contextually equivalent to the identity function Az.x. The reason for
this is, intuitively, that even though e when applied may diverge, the probability
of it doing so is 0.

Ezample D.1. Let e = fix[|[] Af A z.(x @ fz)) : @« = a. We have

alorel™ za:a—a
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and
alor iz <e:a— o

Proof. We prove the two approximations separately. Let ¢ € VRel («), n € N.
Since e and Az.x are values we show them directly related in the value relation.
In both cases let ¢ = Af.dz.(z @ fz) and h = Az.0, (foldd,) 2.

— By definition of the interpretation of function types we have to show, given
k <nand (v,0) € ¢, (a)(k), that (ev, Az.z)v') € ¢, () (k).

It is straightforward to see that ewv N pew using exactly one unfold-fold
reduction.

Now let (E, E’) be related at k. We proceed by induction and show that
for every ¢ < k, Pr (Elev] }*) < Pr(E'[v'] |}) which suffices by Lemma 2.
When ¢ = 0 there is nothing to prove. So let £ = ¢/ + 1.

Pr (Elev] |*) =Pr ((pev U€/> =Pr (E[v @ ev) llel) .
If ¢/ = 0 we are trivially done. So suppose ¢ = ¢’ + 1 to get using Lemma 4
Pr (E[v ® ev] Uz/) = %Pr (E[v] l}e”) + %Pr (ev UW>
Using the fact that ¢ < k and monotonicity we have
Pr (E[v] M”) < Pr(E'[] ).
Using the induction hypothesis we have
Pr (ev UZ”) <Pr(E'[W])

which together conclude the proof.

— Again by definition of the interpretation of function types we have to show,
given k < n and (v,v') € @, (@) (k), that (Az.z)v',ev) € op(a) T (k).
Again we have that e’ =< pev’ using exactly one unfold-fold reduction.
Let £ < k and (E, E') related at £. Using Lemma 2 and the fact that Pr (- |})
is a fixed point of @ we have

Pr(E'[ev] |}) = Pr(E'[pev'] ||)

1 1
= 5PI' (E'W') + §Pr (E'ledv] 1))
and from this we get 1Pr (E'[ev'] |})
manipulation and thus Pr (E'[ev’] {})
it is a triviality to finish the proof.

r (E'[v'] |) by simple algebraic

1

=:P
2

= Pr (E'[v'] §). Using this property
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D.1 Further simple examples

The following example is a proof of perfect security for the one-time pad encryp-
tion scheme. Define the following functions

not:2 — 2

not = Az.if x then false else true
xor:2 —2—2

xor = Ax.\y.if x then not y else y
gen: 2

gen = true @ false

xor is supposed to be the encryption function, with the first argument the plain-
text and the second one the encryption key.

We now encode a game with two players. The first player chooses two plain-
texts and gives them to the second player, who encrypts one of them (using
xor) chosen at random with uniform probability and gives the result back to the
first player. The first player should not be able to guess which of the plaintexts
was encrypted. This is expressed as contextual equivalence of the following two
programs

exp = A\z.\y.xor (z ®y) gen
rnd = A\z.\y.gen

To show exp =° rnd we first use extensionality for values so we only need
to show that for all v,u € Val (2)

xor (v @ u) gen = gen
and the easiest way to do this is by using CIU equivalence. Given an evaluation
context F we have

Pr (E[xor v true| )+
Pr (E[xor v false| |) +
Pr (E[xor u true| ) +
Pr (E[xor u false] |})

Pr (E[xor (v @ u) gen] ||) = i

and by the canonical forms lemma w and v can be either true or false. It is
easy to see that the sum evaluates to

1
1(2 -Pr(E[true] ||) + 2 - Pr (F[false| |}))
quickly leading to the desired conclusion.

If we had used the logical relation directly we would not need the canonical
forms lemma, but then we would have to take care of step-indexing.
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A similar example is when in one instance we choose to encrypt the first
plaintext and in the second instance the second one. Since the key is generated
uniformly at random, the first player should not be able to distinguish those two
instances. Concretely, this is expressed as contextual equivalence of the following
two programs

exp; = Az.\y.xor x gen

exp, = Az.\y.Xor ¥ gen

The proof is basically the same as the one above. Use extensionality and then
CIU equivalence.

D.2 Restrictions in the free theorem are necessary

We show that the free theorem in Section 5 does not hold without the assump-
tions on the behaviour of functions f and g.

First, if f = (Az.1) ® (Az.2), g is the identity function Az.x and zs is the list
[(}, ()] then the term mapl|[](f o g) xs can reduce to the list [1,2], however the
term ((mapl][] f) o (map[][] g)) zs cannot. The reason is that in the first case the
reduction of f is performed for each element of the list separately, but in the
latter case, f is first reduced to a value and then the same value is applied to
all the elements of the list. Technically, the condition we need for f is that there
exists a value f’, such that f =< f’, but this version is easily derived from the
version stated above by congruence.

Second, if g diverges with a non-zero probability for some value v, we take
m to be the constant function returning the empty list and the list s to be the
singleton list containing only the value v. Then, if f is any value, m[][] (f o g) s
reduces to the empty list with probability 1, however ((m[][]f o map[][]g)) s
reduces to the empty list with a probability smaller than 1, since g is still applied,
since we are in a call-by-value language.

Third, if g = Az.1 @ 2, f is the identity function and zs is the singleton list
containing () we take m to be the function that first appends the given list to
itself and then applies map to it. We then have that m[|[] (f o g) xs can reduce
to the list [1,2], but ((m[][]f) o (map[][]g)) zs cannot, since g is only mapped
over the singleton list producing lists [1] and [2], which are then appended to
themselves, giving lists [1,1] and [2,2].

And last, if m is not equivalent to a term of the form A.A.Ax.e then the term
on the left reduces to two different (not equivalent) values (or even diverges),
but the term on the right does not. We can use this to construct a distinguishing
evaluation context.

D.3 A property of map

The result in Section 5 does not allow us to conclude

map(][] (f © g) =" mapl][] f o mapl][] g.
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for all f € Val(oc — p) and g € Val (r — ), however we can show, using the
definition of map, that this does in fact hold. By using extensionality (Lemma 8)
we need to show for any list xs we have

_ctx (

map(J[] (f 0 g) xs == (map[][] f o map[][] g) ws.

If f and g are values, E an evaluation context and xs a list of length n, it is
easy to see that

Pr(E[map fzs] §) = (H D(f x»(ui)) -Pr(Elus] )

us =1

where the first sum is over all the lists of length n and x; and u; are the i-th
elements of lists s and us, respectively. This then gives us that

Pr (E[map f (map g zs)] )

is equal to

> <HD<9 xi><vi>> Pr(Eap fvs] )

vSs

=3 (H D(gxi)(vi)> : (Z <HD(fvi)(Ui)> - Pr(E[us] U))

vs i=1 us i=1
- Z Z (H D(gzi)(vi) - D(f Uz)(%)) -Pr(Efus] ).

On the other hand, we have that Pr (E[map (f o g) zs] {}) is equal to

> (H D((fog) J;i)(ui)> -Pr(Eus] |)

us =1

and

D((fog)ai)(ui) =Y D(ga:)(v) - D(f v)(u;)

together giving us

> (H (Z D(gzi)(v) - D(f U)(”i))) -Pr(Efus] {)

us =1 v

which by Fubini’s theorem and the fact that lists of length n correspond to
n-tuples, is equal to

ZZ (H (D(g i) (vi) - D(f Uz‘)(“z‘))) - Pr (Efus] I})

us vs =1
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which is the same as Pr (E[map f (map g zs)] |}).

If f and g are not equivalent to values, then the above result for map does not
hold. Consider, for instance, f = Ax.1 ® Az.2 and g the identity or conversely,
when applied to the list xs = [(), ()]. The expression mapl][] (f o g) s can reduce
to the list [1,2], whereas the expression (mapl][] f o map[][] g) s cannot. We can
generalize this to show that if f is not equivalent to a value or ¢ is not, then the
stated equality does not hold.
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zT €’ AT AT A|lT'ter:m A|T'Fez:m
A|ll'tz:7 A|lE(:1 A|TF(e1,e2) : 11 X T2

A|lTNxzmbe:m A|l'ke:n AF 7o A|l'ke:m AT

A|T'FXze:m—T2 A|T'tinle:m 472 A|T'tinte:mi+7

A|@Nziimiber:r A|@Nxamabea: T AlT'te:Ti+72

A| Ik match (e, z1.e1,z2.€2) : T

Aa|lke:T A|l'ke:m X2 A|Tke: T =1 A|TkFe 7

A|T'F Ae: Va1 A|I'Fproj,e: A|llNFee 7

A1 A|TtFe:7[m/a]
A | Ik packe: Ja.t

A|T'Fe:Jan AT A,a\F,x:Tl}—e':T

A|I'tunpackeaszine : 7

A|T'*Fe: par A| Tk e:Tpat/a]
A | I' Funfolde : T[ua.7/a] A| Tk folde: pa.T
A|Tke:Var AT A| 'k e:nat
A|TFe]]: [/ A| 'k rand e : nat
A| Tl e:nat A|T'ter:T A|T'bey: T A|T'ke:nat
A|T'Fif; e theney elseer: 7 A|T'+Pe:nat
A|T'F e:nat

A|T'lFSe:nat

Fig. 4. Typing of terms, where I' ::= 0 | I',z:7 and A =0 | A, .
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Basic reductions —

proj, (vi,v2) s v, unfold (foldv) — v
(Az.€) v — e[v/2] unpack (packv) as z in e — e[v/z]
(A.e)]] e match (inl v, z1.e1, T2.€2) s e1[v/x1]
rand@»ik (ke{l,2,....,n}) match(inrv,z;.e1,z2.€2) RN ez[v/x2]
P@@max{n—l,l} S@@L—H
if; 1 then e; else eg |;> el if; Sn then e; else ex |L> e

One step reduction relation ~~

Ele] % El€/] if e 2 €

Fig. 5. Operational semantics.
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zT el
A|'tzRaz:T AITEOR():1
A|TlFerRel:n A|TFexRey: T ANz FeRe 7
A|TF (e1,ea) R (), eh) : 11 X o A|TFAzeRAze i1 — T
A|ll'~eRe :n A|ll'~eRe :m
A|TlFinleRinle : 7+ A|TlFinreRinre : 7+

AlF,$1:T1|—61R6/1:T A|F,x2:7'2|—62726'2:7' A|F|—ee':n+7'2

A | I+ match (e, x1.€1,x2.€2) R match (e',an.e'l,a:g.e;) T

Aa|Tl'FeRe 7 AT A|Tl-eRe :1[r/q]
A|TFAeRAe :Var A | Tk (packe) R (packe’) : 3a.1

A|F|—el7€e/1:5|a.n AbFT A,a|F,x:ﬁ|—eRe':T

A | I' - (unpack e as = in e) R (unpack ej as x ine’) : 7

A|lTFeRe : 71 X1 A|TFeitRey:7T =7 A|TFexRey: 7
A|I'Fproj,e R proj;e : 7 A|TkFeieaReyes: T
A|TFeRe :pat A|TFeReE : Tlua.t/a]
A | I+ unfolde R unfolde : T[ua.7/q] A|I'Ffolde R folde' : pa.t
A|TFeRe :Var , A|TFeRe :nat
/ ’ ftv(T)gA /
A|TFe]] Re :7[r/a] A|I'Frande R rande :nat
A|I'-eRe :nat A|TFeRe :nat
A|TFPeRPe :nat A|T'+-seRSe :nat

A|T'FeRe :nat A|FeiRey:T Al FesReh:T

A| Tl if; e then e else ea R if; ¢’ then e'l else 6'2 iT

Fig. 6. Compatibility properties of type-indexed relations
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[AFnat] (p)(n) = {(k,k) | k € N,k > 0}

B Lo | @) e [AF T (9)(n),
[[wao]](so)(n)—{(“”“)’(”’w) ‘ (u, )GHAFOII( )(n)}

[AF 7+ 0] ()(n) = { (in1 v, 101 ') | (v,0') € [AF 7] ()(n)}
(ot € 14 o] (9)(n

)}
_ ’ VJS V(U,U)G[[AFTH (90)(]),
far o el = { e | G250 A o )

Vo,0' € T,Vr € VRel (o,0"), }
(e;¢) € [AatT](pla—r]) " (n)

@] {(inr v, inr v )

[A F Va.7] (9)(n) = {(A.e, A€ ‘

. ackv. pack v’ Jdo,0’ € T,3r € VRel (0,0"),
MH“'T]](W(”)—{(P kv, pack )’ (v,v')eﬂA,aFT]](Lp[aHr])(n)}

[AF pa.r] (¢)(0) = Val (¢1(pa.7)) x Val (p2(pa.7))
[AF pa.r] (@)(n+1) = {(foldv,foldv) ‘ (v,0") € [A,a b 7] (pla— [AF pat] (9)]) (n)}

Fig. 7. Interpretation of types.

ctx

ct
e@Pe="e e1 D ex =°

e ®er edN<Pe

ctr

¢
““e1 then e =" ey

. cf to .
if e1 = ey then e; = ey ifei1 ® ey =

Fig. 8. Basic properties of < and =°*. We write {2 for any dlvergmg term (i.e.
Pr(22]) =0) and e @ €’ as syntactic sugar for if; rand2 then e else ¢’. Note that
the choice when evaluating e ® ¢’ is made before e and €’ are evaluated.



