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Abstract

We give a denotational semantics to a type and effect system track-
ing reading and writing to global variables holding values that may
include higher-order effectful functions. Refined types are mod-
elled as partial equivalence relations over a recursively-defined do-
main interpreting the untyped language, with effect information in-
terpreted in terms of the preservation of certain sets of binary rela-
tions on the store.

The semantics validates a number of effect-dependent program
equivalences and can thus serve as a foundation for effect-based
compiler transformations.

The definition of the semantics requires the solution of a mixed-
variance equation which is not accessible to the hitherto known
methods. We illustrate the difficulties with a number of small ex-
ample equations one of which is still not known to have a solution.

Categories and Subject Descriptors F.3.2 [Logic and Meanings
of Programs]: Semantics of Programming Languages — Denota-
tional semantics, Program analysis; F.3.2 [Logic and Meanings of
Programs]: Studies of Program Constructs — Type structure

General Terms verification, theory

Keywords type and effect systems, logical relations, domain the-
ory, program transformation

1. Introduction

This paper is a next step in an ongoing programme developing ex-
tensional relational semantics for effect analyses which can validate
effect-dependent program equivalences such as

r=ey=ee(z,y) isequivalentto =z =e;e (x,z)

provided that e does not read from memory cells that it writes to.

Our initial work along these line [3] considered a total func-
tional language with global integer references. We later [4] ex-
tended the language and the semantics with dynamic allocation,
modelled with Kripke logical relations indexed over partial bijec-
tions. The main novelty was a semantic account of effect masking
and the additional program equivalences that it validates. A sub-
sequent tutorial presentation [8] also treated recursion, interpreting
types and effects as relations over cpos, rather than just sets.
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Our next step was to try to extend the semantics to encompass
dynamically allocated references to arbitrary values, including ef-
fectful functions (higher-order store). This proved too big a bite
to swallow; the unexpected major obstacle being the proof of ex-
istence of a logical relation given implicitly by a mixed-variance
recursive equation.

In this paper, we go a step sideways and give a denotational,
relational semantics to an effect-typed functional language with
higher-order store but without dynamic allocation. The difficulties
with the existence of logical relations show up here already, but
in slightly tamer form than when one also has dynamic allocation.
Even so, we still find we need to restrict the precision of the effect
information associated with stored functions to ensure the existence
of our recursive relation.

How to solve mixed-variance recursive domain equations is
well understood. There are also well-known methods for making
recursive definitions of predicates and relations over such solutions
[10], but these do not suffice to establish the existence of the
relations we need to interpret our refined types. Other researchers
have encountered related problems, which they have addressed in
more or less ad hoc ways, such as Bohr’s quaternary relations
[6], Reus’ and Schwinghammer’s choice functions [11] and the
‘approximate’ locations of Birkedal et al [5]. In each case, the
problems are circumvented by changing the implicit definition to
make it fit the existing solution theory. The price to be paid in
each case is a more unwieldy logical relation. E.g. quaternary rather
than binary [6], depending on choice functions [6], referring to an
altered semantics of the untyped language [5]

As well as describing our partial progress on denotational rea-
soning about higher-order store, an aim of this paper is to highlight
the need for a more general solution theory of mixed-variance equa-
tions over predicates and relations. To that end, we present three
small, boiled down examples of such equations including one open
problem.

We should remark that a great deal of progress has recently been
made in reasoning about equivalences in higher-order languages
using step-indexed logical relations over operational semantics [1,
2]. It is possible that similar techniques could be used to reason
about our effect-refined types although that has not been done yet.
But denotational methods have their own advantages' and really
should work just as well (the underlying adequate semantics one
gets using a recursively-defined domain seems straighforward and
elegant, and clearly contains the information we want).

We refer to our previous work [3] for more general motivation
of effect-based program equivalences and their relationship to com-
piler correctness. The rest of this paper is organised as follows:

!'Including being much closer to the intuitions of functional programming,
understanding ‘functions’ as real functions.



Section 2 defines an a priori untyped functional language with
global references. The references can contain arbitrary values in-
cluding functional ones. We give a number of examples illustrating
the use of higher-order store.

In Section 3 we give a standard denotational semantics to this
language which models terms as functions from environments to
computations with an environment mapping free variables to values
and computations mapping stores to pairs of stores and values.
Values then are defined as a solution to a recursive (pre)domain
equation. In essence, a value is either an integer or a boolean
or a function from values to computations. Stores are mappings
from global variables to values. All functions are required to be
continuous so as to enable recursive definitions.

The material of those first two sections is standard except pos-
sibly for the “no-frills” and self-contained style of presentation.

Section 4 defines a type and effect system for the language that
tracks read and write access to global variables in the standard way.
We do not allow the type of a reference to change upon assign-
ments, thus we do not allow “strong updates”. We note that we
refrain from first defining simple types without effect information
and thus define the effect typing directly for the untyped language.

Section 5 defines the equational theory that we intend to justify
with a logical relation thus yielding soundness for observational
equivalence. The equational theory is essentially a congruence clo-
sure of basic rules for code transformation in the presence of ef-
fect information. Importantly, the equational theory is for arbitrary
types so we can deduce equations whose validity relies on the ab-
sence of certain latent effects in its functional free variables. While
the formulation of the equational theory is essentially folklore and
merely formalises the intuitions one might have about soundness
of code transformations, we are not aware of a proof of soundness
for this or a related theory by any method, be it denotational or
operational.

Section 6 recalls the theory of subsets of predomains and their
definition by mixed-variance recursive equations. Theorem 1 gen-
eralises the solution formula given by Pitts [10]. We work directly
with retractions, in the style of Reynolds [12], rather than exploit-
ing the more abstract category-theoretic structure of the underlying
predomain; others have recently taken a similar approach, includ-
ing Birkedal et al. [5]. The idea of using retractions other than the
‘standard’ ones arising from the construction of the recursive do-
main is new and allows us to establish the existence of the set of
“hereditarily pure functions” in Section 6.1. Section 6 contains two
more examples of mixed-variance recursive equations, one prov-
ably unsolvable and one an open problem.

Section 8 contains the recursive specification of the logical
relation used to interpret types with effect information as partial
equivalence relations on values. In the absence of higher-order
store the specification can be read as a definition by induction
on types. Here we must prove its existence using Theorem 1. We
do so in Theorem 2. The remainder of the section is devoted to
the proof that the logical relation indeed satisfies the equational
theory (Theorems 3 and 4). The final Lemma 19 asserts that initial
stores satisfy semantic store specification which in turn entails that
logical relatedness of closed terms (of higher type) entails their
observational equivalence.

Section 9 concludes.
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2. Base Language

We consider an a priori untyped call-by-value lambda calculus with
global references. Types will appear only later in the form of refined

types delineating effects. In order to simplify the presentation we
always assume A-normal form (ANF) except in concrete examples.
This means that term formers are applied to variables whenever
possible thus simplifying denotational semantics, typing rules and,
most importantly, proofs.

The syntax of terms is then given as follows:

e == z|n|true|false|ziopza| ()] (z1,22) | x.1]
.2 |x1 22 | let x<eriney || L=z |

if z thenes elsees | rec fx.e | Az.e

Here n ranges over integer constants, = ranges over a set of vari-
ables, £ ranges over a finite set L of locations, and op ranges over a
suitable set of binary operators including arithmetic operations and
comparisons.

Assignment is written as ¢ := x, while expression !¢ denotes
the value contained in the location ¢, and rec f x.e the function f
recursively defined by f x = e. The variables z, f are thus bound
in this expression.

In examples, we may also use coproduct types, records, and
variants with the usual SML-style syntax. The use of ref should be
interpreted as simply setting up the initial state of global variables.

3. Denotational semantics of the untyped
language

We give a denotational semantics to this language using predo-
mains and continuous functions. A predomain is a partial order D
such that whenever (d;); is a chain in D, i.e., d; € D,d; C dit1
for 4 > 0, then it has a least upper bound | |, d; € D. A function
between predomains is continuous if it is monotone and preserves
these least upper bounds. All functions between predomains are
presumed continuous without explicit notice. We denote function
composition by semicolon, i.e., (f;g)(z) = g(f(x)). We write id
for the identity function. If D is a predomain then D is DU { L}
where | ¢ D is a new least element adjoined to D.

If D1, D are disjoint predomains we write D1 + D3 for their
union, viewed as a predomain with the component-wise order. If D
is a predomain and a is an identifier, a(D) is the predomain (iso-
morphic to D) whose members are expressions of the form a(d)
with d € D. This is typically used to produce disjoint summands.
For example, if D, and D3 are not necessarily disjoint we can form
inl(D1) + inr(D2).

We write D1 x Dy for the product predomain of D1, D> whose
elements are pairs (d1, d2) where d; € D;. The order on Dy X Do
is component-wise. We represent by [D1 — D3] the predomain
consisting of the continuous functions from D; to Ds ordered
pointwise. Thus, if f,g € [D1 — D] then f T g¢ means
f(x) C g(z) for all zeD;.

A continuous function p : D — D where D is a predomain is a
retractif p;p = pand p(x) C . If p : D — D is aretract then we
define Fix(p) = {d | p(d) = d}. This set forms a sub-predomain
of D and furthermore, we have in fact p : D — Fix(p) and p
together with the inclusion Fix(p) C D forms an embedding-
projection pair. We also remark that Fix(p) coincides with the
image of p.

Stores are then modelled as total functions from L to values.
Since values include side-effecting functions that operate on the
store, the stores and values are mutually dependent on each other
leading to a recursive equation.

We thus construct a predomain of values as the least solution to
the following mixed-variance predomain equation

V = A{wrong} + unit() + int(Z) + bool(B) +
pair(V x V) + fun(V — C)



where C = S — (S x V) and S = L—V model computations
and stores respectively. Note that C has least element \z. L.

If s € Sand ¢ € L we write s.£ for s(£) and if additionally
v € V then we write s[/{i—wv] for the store obtained from s by
setting £ to v.

Proposition 1. There is a family of retracts p; : V — V and
pi ' S — Sandp; : C — C (overloaded notation) for i € N
obeying the following equations:

pi(wrong) = wrong
pi(int(n)) = int.(n)
pi(unit()) = unit()
pi(bool(z)) = bool(x)
pi(pair(vi,v2)) = pair(pi(vi), pi(v2))
pi(fun(g)) = fun(pi; g; p:)
po(f)(s) = L
Pz+1( )s) = Liff(pi(s)) =L
pi+1(f)(s) = (pi(s1),pi(v)) if f(pi(s)) = (s1,0)
pi(s)() = pi(s())

Moreover, p; C pit1 and ps; pj = Pmin(i,5) and |, pi(z) = x for

allt e VUSUC.

Sketch. We define the p; recursively by the given equations. Let
m; be the family of the standard partial retractions derived from
the construction of V. We can show by induction on ¢ that p; (z) J
m; () where j is the least integer above 7 such that ; (z) # L. O

An environment is a finite map from variables to elements of V.
The environments form a predomain Env by putting

0C 0 <= dom(f) = dom(6') A Vo:dom(h).0(z) C &' ()

To each term e we assign a continuous function [e] : Env — C by
the clauses in Fig. 1, where it is assumed that e is in ANF. We may
abbreviate [[e]@ or indeed [e] 6 for arbitrary 6 by just [e] when e is
closed.

4. Type and effect system

We now present our effect analysis that, in addition to statically
typing terms in the usual way (and so preventing wrong being the
result of any well-typed computation), uses effect annotations to
track the dependency and effect on the store of computations. Note
that our effect systems does not track non-termination, which may
be introduced by recursion either directly or through the store.

4.1 Types

Effects, ranged over by ¢, are subsets of the set of elementary
effects:{rds, wry | £ € L}. We tend to sometimes omit set braces
thus writing rd, for {rd¢}. The types are given by the following
grammar:

A,B,C := int|unit|bool | AxB|ASB

Given a finite set of locations IT we write IT - A ok to mean that all
locations occurring in (effect annotations within) A are contained
in II. We define II - ¢ ok analogously. A typing context © is a
mapping from a finite set of variables dom(©) to types. We write
IT - © ok to mean that IT - ©(x) ok for all z € dom(O).

For ¢ an effect we define rds(e) as the set of locations ¢ such
that rd, € e. Likewise, wrs(e) = {¢ | wr, € e}. We write
locs(e) = rds(e) U wrs(e). An effect € is storable if rds(e) =
wrs(e)(= locs(e)). A type is storable if all effects occurring in it
are storable.

Given a finite set 11 of locations, a store type (for II) is a finite
mapping X assigning to each ¢ € II a storable type 3(£) such
that II F X(¢) ok. We may write a concrete store typing for

val r = ref (fn x => 0);
val f (r := (fn x => if x=0 then 1
else x * ('r) (x-1));

Ir);

Figure 2. Factorial by backpatching

{l1,...,£,} in the form £1:Aq, ... 0y: A, with A; = X(¢;). The
intention is that given a store typing X for II then a location ¢ € II
is supposed to contain values of type 3(¢). Only storable types are
permitted in this position.
For example,
rdy., Wy,
3 = /y:int, l2:unit 2257 unit
is a store typing which prescribes that ¢; holds integers, whereas
location ¢2 contains commands which may access {5 itself in an

arbitrary way.

rdg, ,rdy .
Now the typeunit > ° unit contains commands that may

read from /1, ¢>. This type is not storable but may nevertheless ap-
pear as the type of terms or variables. Storability is a technical con-
dition which we currently need in order to establish the existence
of the semantic meaning of types. We will discuss its implications
and possible relaxations later.

4.2 Initial store

Languages with global store always undergo the annoying diffi-
culty of what the contents of an uninitialised location should be.
Unfortunately, in our denotational model there is no single value
that could serve as initialisation without compromising any reason-
able definition of type soundness.

Therefore, we now define for each type A a default value v4 by

Uunit = ()

Ubool = bool(true)
Vint = int(0)

vaxB = pair(va,vB)
V,yep = fun(Az.As. 1)

If 3 is a store typing we define the initial store sx by sx.£ = vs(y)
for £ € dom(X) and sx.£ = wrong otherwise.

4.3 Typing rules

The typing judgement has the form I1; ;0 F e : A,e with IT a
finite set of locations, X a store typing, © a typing context, A a type,
¢ an effect. Such a typing judgement is well formed if I1 - 3 ok
and IT - © ok and Il + A ok and IT I € ok. Whenever a typing
judgement appears its wellformedness is assumed and mentioned
explicitly only if needed for clarity.

We may abbreviate II; ;0 Fe: A,0by II; ;0 e : A. We

also abbreviate A > B by just A — B. The typing judgement is
defined in Fig. 5.
4.4 Examples

The following examples illustrate our effect system, and the re-
strictiveness of the storability condition in particular. For the sake
of readability we use ML-style syntax.

Factorial by backpatching Figure 2 presents a program for com-
puting the factorial function, where the recursion is achieved using
areference. For e = {rd,, wr:}, we have

r;r:int — int;0 F £ : int = int.
This typing is less precise than the more intuitive

. rdy . . rdy,wry
r;r:int — int;0 - f:int = © int.



z]0 s
c]o s
z opy)0 s

(z,9)]0 s

let x<e1 inez]0 s
let z<e; ines]d s
if x then es else e3]f
if  then e; else 3]0
rec f x.e]f s

(s,0(x))

(s,bool(c))

6(x) op 6(y)

(s, pair(6(2), 0(y))

[e2]0[x—v] sywhen [[e1]0 s = (s1,v)
L, when [ei1]0s= L1

[e2]6, when O(x) = bool(true)
[e3]6, when 6(z) = bool(false)
(s,fun(g)) where g = | |, g; and
go = Ax.As.L and

gi+1 = Av.[e]0[z—v, fiofun(gi)]

n]é s = (s,int(n))

0os = (s unir()

zy]0 s = f(0(y))s where 0(z) = fun(f)

z.1]0 s = (s,v1)if O(x) = pair(vi,v2)

x.2]6 s = (s,v2) if O(z) = pair(v1, v2)

4]0 s = (s,8.4)

C:=yl0s = (s[t—0(y)],unit())

Mr.e|@s = (s,fun(f)) where f v = [e]0]x—v]
e]f s = wrong, if none of these clauses applies

Figure 1. Denotational Semantics

(* Globals *)

val v = ref (Vector.fromList [0]);
val w = ref (Vector.fromList [0]);
val prog = ref (fn () => );

val res = ref O;

let val f =
in prog :=

fun comp g = !prog

(fn x => g (£ x)) end;

fun template elem m =
fn () => res := !res + elem * Vector.sub(!w,m);

fun preeval () =
let val n = Vector.length (!v)
val counter = 0
in prog := (fn () => res :=0); loop counter n
end
and next counter n = loop (counter + 1) n
and loop counter n =
if counter = n then !prog else
let val elem = Vector.sub(!v,counter)
in if elem = O then next counter n else
(comp (template elem counter);
next counter n)
end;

fun apply p x = (w := Vector.fromList x; p();
fun main vval wvals =

(v:=Vector.fromList vval;
let val p

Figure 3. Vector multiplication

In particular, the latter typing indicates that the content of r is
commutative in the sense that it may be subject to the transforma-
tion rule E-SWAP below. However, this typing is not well-formed,
since the type of r is not storable. We suspect that operational
techniques may be used to show commutativity of this particular
example, though not necessarily of arbitrary applications of back-
patching. Indeed, it is unclear whether the more precise typing is
semantically meaningful at all, as the reading-but-not-writing pat-
tern exhibited by the optimised typing of r is precisely at the heart
of the hereditary read-only challenge we set in Section 6.2.

Vector multiplication The code in Figure 3 performs integer vec-
tor mutiplications vvals*wvalsy, ..., vvals*wvals, using vec-

Ires);

= preeval() in map (apply p) wvals end);

tor’ v and w. Inspired by the self-modifying assembly-level code
for the same problem from [7], the program is partitioned into two
phases. The first phase (function preeval) constructs optimised
code in reference prog, by iterating over vector v. Each non-zero
entry of v results in the (partially) generated program being ex-
tended by the appropriate instantiation of the template instruc-
tion. Function apply executes the program retrieved from prog on
its second argument, assigned to vector w. The main function as-
signs the integer list vvals to v, triggers pre-evaluation, and then
maps the resulting program over the inputs wvals; by invoking
apply for each element in turn.

The constructed program, when executed, calculates the result
in the reference res, and only accesses w. In contrast, vector v is
only accessed during the pre-evaluation.

The functions would be typed as follows in our system:

{res,w}; Ltempr; 0 I template : int — int — A
II; ;0 + preeval : unit 3 A

II; ;0 - next :
II; ;0 - loop : int — int 3 A

{res,w}; Ctenp1; 0 - apply : A — int list L int

II; ;@ - main : int 1ist — int list list — int list

int — int 2 A

where
Ytempt = Tres:int,w:int array
II = {res,v,w,prog}
Y = Ztemp,prog:A,v:intarray
A = unit 3 unit
€1 = {rdres, Wrres, Tdu, Wry}
g2 = {rdy, 7dprog, Wrprog}

e = {wrylUeiUes

Despite the fact that w is only assigned to in apply, the effect
wry is included in €; and thus occurs wherever A does. This is
again required by the storability condition because A occurs as the
type of the (function) reference prog. In contrast to the previous
example, there is no circular relationship between the location the
effect concerns, w, and the location with which the type containing
the effect is associated, prog. Indeed, we believe the existence
proof of the logical relation in Section 8 could be generalised
to a more relaxed notion of storability, where (sets of) locations
are hierarchically ordered in stages, and that this more permissive
notion would admit the deletion of wry from €1 in A and only be

2 We assume that all lists are of equal length. For any fixed length the use
of vectors may in fact be considered syntactic sugar as we may represent
vectors by appropriately nested products.



fun execute () =
let val (i,n) = getevent()
val x = if 1 = 1 then ('el) n else
if i = 2 then ('e2) n else

if i = k then ('ek) n else (!e0) n

in (output x) end;

Figure 4. Event handling

added in the effect of apply via

wUer .
{res,w}; Ytemp1; O - apply : A — int list YTl int.
We leave the proof of this conjecture as future work. Note that it is
not necessary to include wr, in €2, since €2 does not occur as the

effect of a reference-held function.

Event handling Figure 4 presents code for a simple event han-
dler, where the environmental function getevent generates pairs
comprising a handler identifier and an argument that is passed on
to the selected handler, and output displays the result of the cho-
sen handler. The code for the handlers is located in references
e 0,...ek. For

> = getevent : unit — int X int,
output : int — unit,e_i: int 2 int,
IT = dom(X), and € = U;—o,....k{€s, rde, } we have
II; 3; 0 - execute : unit — unit,

and may now consider policies restricting the mutual accessibility
of handlers. For example, ¢; = () requires the first handler to be
pure, while e = {rde,, wre, } means that the second handler may
read (hence execute) as well as overwrite the third handler, and
€3 = {rde,, wre, } indicates that the latter is self-modifying.

Again, the storability condition is rather strict. For example,
it requires that if we want to give a handler read access to some
other handler (for example for executing it as part of its own event
handling), we also have to give it write permission to this other
handler. As further motivation for a relaxed notion of storability,
one may consider the following situation for k = 4.

er = 0

E2 = {T‘del }

€3 = {T‘de2 }

s = {rde,,wre,}

€0 = {Tdezv WTeg rde1}

Here, handler 1 is pure, handler 2 may read handler 1 (and execute
it, since €1 C €2), and handler 3 may read handler 2, but not
execute it, since executing it might involve reading from e;, which
is not permitted by 3. Since handler 3 can’t write any handler
it is doubtful handler 3 can do anything useful with its access
permission to handler 2. Handlers 4 and O repair the deficiency
of handler 3. The former allows e, to be modified, so handler 4
could, for example, copy e;’s content to e, and then return its own
argument (still handler 4 cannot execute e_2). Finally, the default
handler O is allowed to read e_2 and execute its content (since it also
has the rd.; permission), and also to modify itself, for example
by overwriting itself with e_2’s content. Note that the permission
that e_4 and e_0 may use their write permission to e_0 to copy the
content of e_2 to e_0 is sanctioned by €2 C &g.

5. Equational theory

We are interested in justifying the equational theory given in Fig 6.
The theory is essentially the same as that of our earlier work [3],
with the important difference that references now hold values of
higher type and hence with nontrivial equality. By “justifying” we
mean the construction of a natural semantic model that validates
the equations and has the property of entailing observational equiv-
alence.

We note the absence of a rule for dead computation yielding
e = () provided e : unit, e where wrs(¢) = (). Such a rule is not
sound in the presence of non-termination and for a similar reason
rule E-HOIST has a dummy evaluation of the code to be hoisted.
The other rules are standard. We remark that rule E-BASIC together
with E-TRANS subsumes all kinds of congruence and 37-like rules.

In future work we could develop an inequational theory approx-
imating observational approximation rather than equivalence. This
would lead to a more natural version of hoisting allowing us to re-
instate “dead code” in the form e C () : unit,e.

6. Admissible predicates and relations

A subset P C D of a predomain D is admissible if whenever
do C di E da... is an ascending chain with d; € P for all ¢
then | | ; di € P, too. The admissible subsets of D are denoted by
Adm(D).

In particular, a relation R C D x D is admissible if it is
admissible qua subset of the product predomain D x D.

A binary relation on a set is a partial equivalence relation (PER)
if it is symmetric and transitive. The set of PERs on a set is closed
under arbitrary intersections and disjoint unions. The same is true
for admissible PERs on a predomain.

Definition 2. [f D is a predomain and R C D X D then per(R)
is the least admissible PER containing R.

Proposition 3. Let D1, D2, D be predomains and R; C D; x D;
be relations, and R C D x D an admissible PER.

1. per(R1 X R2) = per(R1) x per(Rz).

2. If f : D1 — D is continuous then f~* R (component-wise) is
an admissible PER on D1.

3. Ifg: D1 X D2 — D is continuous and g X g : R1 X R2 — R
then g X g : per(R1) X per(R2) — R.

Proof. The “C” direction of the first item is obvious. For the
converse consider {(z,z') | V(y,y’) € per(R2).per(R; X
R2)((z,2"), (y,9'))}. It is easy to see that this relation is an ad-
missible PER comprising R and the claim follows.

The second item is obvious, the third one is a corollary of the
first two. O

Definition 4. An inductive presentation of predomain D is given by
an increasing family of retracts (pi): on D such that | |, pi(z) =
forallz € D.

For example, the product V. x V forms a predomain with
inductive presentation p;(v,v’) = (p;(v), pi(v')).

Definition 5. Let (p;); be an inductive presentation of predomain
D. A subset P C D is uniform (with respect to the presentation) if
x € P implies p;(x) € P for all i.

The following theorem allows us to define admissible subsets
of predomains as solutions of certain mixed-variance equations.
While clearly inspired by the existing solution theory for such equa-
tions [10] it goes beyond the latter by not insisting that the approx-
imating sets be uniform with respect to the standard inductive pre-
sentation (the p; or tuples thereof).



z € dom(O)

——————(T-INT T-VAR
H;E;@Fn:int( ) H;E;@Fw:@(m)( )
(T-READ) 130 Fy: 2(0) (T-WRITE)
ILY;0 He: X(0), {rde} i I; ;0 F £:=y: unit, {wr¢} i
I;X;0Fe: A& A<:B Elgag(TSUB) I;3:0F2:AS B H;E;@Fy:A(TAPP)
I;3;0Fe: B,e2 i I;¥0Fzy: B,e i
I1;3;0 F z : bool
I;3;0,2:AFe: B, e (T-LAM II;3;0F e : A e II;3;0Fex: A e T-IF
I;3:;0F Mze: AS B i ) IT; ;O F if x thene; elsees : A, e (T-1F)
I;X;0Fe; : Ay, e ILY;0,2:A1 Fex: Az ea X0z A I;2;0Fy: B
. (T-LET) (T-PAIR)
II;3;0F let x<eyines : Az,e1 Ueg I; ;0 F (z,y) : Ax B
II;2;0, f:AS B,a:AFe: B¢
- (T-REC) (S-REFL)
;3,0 Frec fxe: A= B A< A
A < A2 B1 <: By A2 <: A B1 <: Bs g1 Ceo
(S-PROD) - - (S-ARR)
A1><B1<:A2><BQ A1—1>Bl<:A2—2>Bz
Figure 5. Rules for effect typing
VO.[e1]0 = [e2]0 I;Y;0Fe; : A,a(E BASIC) ILY;OF e =ey: A76(E .
II;3;0F e =ex: Ae i I;S;0Fes=¢ : Aje
II;X;0Fe; =ex: Ay H;Z;@Fezzeg:A,s(ETRANS)
Y0k el =es: Ae i
II;3;0Fe: Ae rds(e) Nwrs(e) =0 z ¢ dom(O) (E-DUP)
II;3;© - let x<e inpair(z,z) = let z<e inlet y<ec inpair(z,y) : A X A, e i
IS0k e : Ajyes Vi=1,2.rds(e;) Nwrs(ez—;) = wrs(e;) Nwrs(es—;) = x; N (dom(O) U {z5_;}) = (ZJ(E-SWAP)

I1;3;© - let 1 <e;1 inlet x2 <€ in pair(z1, T2) =
let x2<e2 inlet x1<e; inpair(z1,x2) : A1 X Ag,e1 Ues

I;X;0 ke : A D

I;3;0,2:A,y:BFez: C,e

TFy

(E-HOIST)

II;3;0 F let _<e1 in A\y:B.let x<e€; ine; = let x<e; in \y:B.ex : B N C,0

Figure 6. Theory of effect-dependent program equivalences

Theorem 1. Let D be a predomain. Let V be a subset of the
admissible subsets of D which is closed under intersections and
let Vit , Voo € V. Let F : V x V — V be antitone in its first
and monotone in its second argument, i.e., U C U’ and V C V'
implies F(U', V) C F(U,V").

Let ¢ : D — D be a family of maps (in general but not
necessarily continuous). Suppose that the following conditions are
satisfied:

||, qi(xz) =z forall x € D, in particular q;(x) T qiy1(x) for
all i;

e V;F CF(U, V) CVy foranyU,V € V;

*q:Vy — Vi

e [fUV € Vand U C V and q; :
FU,V)— F(V,U).

Then there exists a unique P € V satisfying P = F (P, P).

V — U then qi+1

Proof. Fori > 0define V;*,V,” € Vby Vi1, = F(V;",V;") and
Vi = F(V;*,V;7). The following are easily proved by induction
on¢and j.

+ + + - - —.
.Vo QQVZ gv;JrlggVJJrlg‘/J QVQ»

Oq,-:Vi*—>Vi7L

Now define Vo =, V;,” ={d|Vi.d € V" }.Notethat V5 € V
as V is closed under intersection.

We have V;* C Vg and ¢; : Vg — VT for all i. We now
claim that F(V5,Vg) = V.

First, F(Vs, Vo) C F(V;",V,7) = V3, for each 4, hence
F(Ve,Vs) € V.

For the converse assume that x+ € V. For each 7 we have
gia(z) € Vi, = F(V7,V;") € F(Vg,Vs). Butz =
L; ¢i(x), sox € F(Vy, V) by admissibility.

Now suppose that F'(P, P) = P and P € V. By induction on
i we get V;© C V,7, thus P C V. On the other hand, if € Vg
then ¢;(z) € VZ-Jr C P for all 4, hence x € P by admissibility.
Thus, P = V. O

The following direct lemma shows one way to discharge the
assumption | |, gi(z) = x.

Lemma 6. Suppose that D is a predomain with inductive presen-
tation (p;)s. Suppose that for each x € D and i > 0 we have an
element q;(x) € D such that q¢;(z) C qi+1(z) C z holds for all i.
If, in addition, p;(x) C qi(x) then | |, q:(x) = x.



We note that the standard method for solving mixed-variance
equations is the special case where ¢; = p;. Whichever family ¢;
we choose, the (unique) solution P = F'(P, P) is closed under
the ¢;, i.e., one has ¢;(v) € P whenever v € P. This is because
ifv € Pthenv € V7, hence qi(v) c Vi+ C P. Therefore, in
those cases where any P such that P = F(P, P) cannot possibly
be closed under the standard retractions p; a solution cannot be
obtained by the standard method.

The rest of this section presents some examples illustrating the
kind of technicalities that arise when trying to make recursive def-
initions of predicates and relations over recursively-defined do-
mains. We will return to the semantic interpretation of our particu-
lar language in Section 8.

6.1 Example: hereditarily pure functions

We now give a simple example of such a situation. Suppose that D
is the solution to the domain equation D = D x D — (D x D).
This predomain has the standard inductive presentation given by

po(f)(s,2) = L
piJrl(f)(Sv':B) 1, lff(p’b(s)vpl(m)) =1
piv1(f)(s,z) = (pi(s1),pi(y)). if
f(pi(s), pi(x)) = (s1,9)

We think of an element f € D x D — (D x D), as an
untyped function side-effecting an untyped store. For the sake of
the example, we are interested in the “hereditarily pure” functions,
i.e., those that given a hereditarily pure argument do not depend

upon nor modify the store and return a hereditarily pure result. We
thus seek an admissible subset P C D satisfying

fEP < VzeP. (VseD.f(s,x)=1)Vv
(Ju e PVs e D.f(s,x) = (s,u))

In order to construct such P we invoke Theorem 1 with

feFWUYV) <= VzeU (Vse€D.f(s,z) =1)Vv
(Bue VVse D.f(s,z) = (s,u))

and the functions ¢; given by

q@(f)(s,z) = 1L
qi+1(f)(s, ) Lif f(s,qi(x)) = L
qi+1(f)(s, ) (51,q:(y)), if f(s,q:(x)) = (51,9)

Furthermore, we put V5" = {\p.L} and V;7 = D. The premises
of Theorem 1 are now easily verified thus furnishing the existence
of the desired subset P. Notice that P is closed under the g; by
construction but cannot possibly be closed under the p;. Namely,
since Ap.p € P so would be p1(Ap.p), but pi(Ap.p)(s,z) =
(Ap.L, Ap.L) which is not hereditarily pure since the store is
modified from s to Ap..L. Notice that g1 (Ap.p)(s, z) = (s, ¢1(z)).

6.2 Challenge: hereditarily read-only commands

The following open problem may illustrate why we had to impose
the restriction that locations store values of storable type only.

Suppose that D is the standard solution to the predomain equa-
tion D =2 D — D, . This predomain has the standard inductive
presentation given by

po(f)(z) L1
pi+1(f) (@) Lif f(pi(2)) = L
piri(f)(@) = pi(y).if f(pi(z)) =y
We think of an element f € D — D, as a command operating on
a store with a single untyped global variable. We are interested in

delineating the “hereditarily read only” commands, i.e., those that
do not modify this store but whose termination behaviour may well

depend upon the contents of the store. All this under the assumption
that the contents of the store are themselves “hereditarily read-
only”.

We thus seek an admissible subset (for simplicity we only treat
the unary case here) P C D satisfying

feP < VezePfrxe{xl}

The problem with this definition is that Az.z € P yet p;(Az.x) ¢
P unless ¢ = 0 and we cannot see how this could be fixed if we
replaced p; by some other canonical family of retractions. Yet, the
solutions obtained by the hitherto available methods are always
closed under some reasonable family of retractions, typically, but
not necessarily the standard ones.

We also note that if P exists then V := Az.zz (“self-apply”) is
contained in P.

Rather annoyingly, and despite considerable effort, we are cur-
rently unable to prove either the existence or the non-existence of a
set P satisfying the condition above.

6.3 Non example: Hereditarily total functions

To see that not all seemingly reasonable mixed-variance equations
on predicates have solutions consider the predomain D from the
previous example and ask whether there exists 7' C D (admissible
or not) such that

feT < Vel .f(x) £ LA f(z)eT

We think of 7" as comprising the “hereditarily total” functions.
Obviously, we can define 7o C D by

fe€Ty < VzeD.f(z)# L

but then even the innocuous application functional Az.\y.xy
would not be in 7. Note that it is in 7" if T exists.

Now, assume 7' did exist. As in the case of the challenge P
above, we find V € T'. But this would imply VV # L. However,
it is well-known that VV = L.

7. Meaning of types

Our aim is to associate with every type A (and store typing 3 and
location set IT such that IT = ¥ ok and IT = A ok) an admissible
PER [IL; X + A] on V and, if additionally IT |- € ok, an admissible
PER Ty, ([II; 3 F A]) on computations in such a way that
evaluation of an expression in two equilavent environments gives
rise to two equivalent computations. Formally,

LifIY;0© Fe: A e and (0(x),0'(z)) € [I; 3 F O(z)] for
all z € dom(©) (written (0, 6") € [II; £ I O] for short) then
([e]0, [e]0") € Tpmmeep ([IL; 2 = A]);

2.if ;30 F er = e2 : Ayeand (0,60') € [II; T - O] then
([e1]0, [e216") € T ([IL; = F A])

3.1 (f, f') € Tpmysrep([I; £ F bool]) then f(ss) = L «—
f(sz) = Landif f(sx) = (s,b) and f'(sx) = (s',b) then
b=V

It is well-known that these properties ensure soundness of the
equational theory with respect to typed observational equivalence,
see e.g. [8].

Definition 7 (specifications). A type specification is an admissible
PERon V.

A computation specification is an admissible PER on C (recall
that C = S — (S x V) 1) which contains the pair (As.L, As. L),
i.e., relates the constantly 1 function to itself.

A store relation is a relation on stores S not necessarily admis-
sible or a PER.



Definition 8. If L C L and s,s1 € S, we write s ~1, $1 to mean
that s.£ = s1.£ holds for all £ € L.

An effect specification is a set E of store relations.

These concepts allows us to interpret type formers semantically
as operations on type and effect specifications.

Proposition 9. Let I1 be a set of locations. Consider the definitions
of families given in Figure 7.

1. Int,Bool,Unit are type specifications;

2. If A, B are type specifications then Prod A, B is a type specifi-
cation;

3. If A is a type specification and Q) is a computation specification
then Arr A, Q is a type specification;

4. If E is an effect specification and A is a type specification then
Tr(A) is a computation specification.

We remark that, unlike in our earlier work [3], the relation
T%(A), while being admissible, is not in general transitive, hence
the need to take its admissible PER-closure. The failure of transi-
tivity is due to the fact that the identity store relation that would be
used in a proof of transitivity cannot be assumed to be a member of
E.

Definition 10 (Interpretation of effects). Let ¢ € 1L and A be a type
specification. The effect specifications Rde, ao,Wrp A representing
reading and writing of values specified by A at location { are
defined in Figure 8.

sRs' = s.lAs' L
sRs' A (v,v") € A = s[l—v]|Rs[t—0']

ReERdpa =
ReVWrp s <+

Figure 8. Semantic representations of reading and writing.

Definition 11. [f L C L and X = (X¢)¢ey is an L-indexed family
of type specifications then we define a store relation Ry, x by

(5,8') € Ry, x <= WlcL.(s.t,s'.£) € X,

If'Y is another type specification and Z = (Zy)¢er, is another L-
indexed family of type specifications then we define a computation
specification Tg,X,Z(Y) by

(f; ) €T x2(Y) <=
Vs s’ s1 81 vv' .sRL xs =
(fs=Lefs=10)n
((f s) = (s, ) A (f'8') = (51,0) =
(s1RL,zs1 N (v,v") €Y) A st ~ivg SA ST ~aL 8'))

Lemma 12. If L C L is finite and X = (X¢)¢er is an L-indexed
Sfamily of type specifications and Y is another type specification
then

T%sz Wrg x,MRdg, X, (Y) = Tg,x,x (Y)
Proof. For the “C” direction assume
(f, ) € TﬁzeL Vg, x, MRdg, x, (Y)
and sRr, xs'. Define R* by
R ={(t,t") | tRL xt' Nt ~iap s At~ s’}

Clearly, R* € (,c; Wre,x,MRde, x, and sR*s’. We then get f s =
1 <= f's’=Landif f s = (s1,v) and f' s’ = (s],v’) then
s1R*s} and (v,v") € Y. The claim follows from the definition of

For the “2” direction we assume (f, f') € TZ x x(V) and
R € (Nyep Wrex, NRde x, and sRs’. Now sRp xs as R €
Meer Rdex,. Thus f s = L <= f' s’ = L by assumption.
If fs=(s1,v)and f’ s’ = (s},v") then our assumption on f, f’
yields s1 Ry, x 81 and (v,v’) € Y.

Enumerate L as L = {{1,...,¢,}. Since s1 ~p\1 s, we have

s1 = s[lirs1.01] ... [€n+—s1.0y,] and similarly for s].
From s; Rp, xs1 and R € (), Wre,x, we can then conclude
s1Rs]. O

8. Logical Relation

For each type A and store typing ¥ such that IT - A ok and
IT + X ok we will define a type specification [IL; X F A] such
that the clauses in Figure 9 are satisfied. The semantic meanings of

[II; £ Funit] = Unit
[II; X F int] = Int
[II; £ F bool] = Bool
[[LSFAxB] = Prod[ILSF A][ILS - B]
ILESFASB] = Arr[I S F Al Tpnseo ([I5 S - B])
[I;XF@] = “all store relations”

[;XFeiUe] =
[+ {rde}] =
[IL; 3+ {wre}]

[MLEF e ]NIL Y F e
Rdy, [m;s-20)]

WEo, [m;5-2(0)]

Figure 9. Logical relation

type formers used therein are those defined in Figure 7.

As the clauses in Fig. 9 cannot be read as a definition (inductive
or recursive) we must prove that a relation satisfying them does
indeed exist.

Theorem 2. There is a function [—] such that whenever I1 = A ok
and 11 - 3 ok then [II; X & A] is a type specification for 11 and
the equations in Figure 9 are satisfied.

Proof. We will first define [II; 3 + A] for storable A. Once this is
in place we can use the clauses in Figure 9 to extend to all types by
induction on types.

In this case, by Lemma 12 the equation governing [II; X - A 5 B]
is equivalent to

;S F A S B] = Arce[II; © + A, per(TS x x ([I1; = - B]))

ey
where L comprises the locations mentioned in ¢ and X, =
[IL; X+ 3(0)].

Thus, it suffices to “solve” the equation system with this re-
placement made. In order to do so, we employ Theorem 1 on the
following predomain D and subset V of Adm(D).

Fix II; ¥ and let T" be the set of storable types involving loca-
tions from II. The predomain D then is the product

T x V x V. Note that V' C D is admissible if foreach A € T
and ascending chains (v;);, (v}); with (A, v;,v;) € V for all i one
has (A, | ]; v, | ];vi) € V

The set V then comprises all those admissible subsets V' of D
which have the property that for each A € T the set {(v,v’) |
(A,v,v") € V}is a(n) (admissible) PER.

Let us denote a typical element of V by (—|) (possibly deco-
rated) writing (v, v") € (A) if (A4,v,v") € ().



(v,v") € Unit
(v,v") € Int
(v,v") € Bool
(v,v") € ProdA, B
(v,v") € ArrA, Q
Te(A)

(f, ) € TE(A)

v =unit() = v

Iz = int(x) Av' = int(z)

per(Tg(A))

(A I

(fs=Llafs=1)A

Jz.v = bool(z) Av' = bool(z)
Jv1 v2 v} V3.0 = pair(vi,ve) Av' = pair(vy,vy) A (vi,v1) € AA (v2,v3) € B

Af flv = fun(f) A" = fun(f') ANV¥(a,a”) € A(fa, f'd') € Q

Vss' s1s1vv' VR € E.(sRs' =

((f 8) = (s1,v) A (f' 8') = (s1,v") = s1Rsy A (v,0") € A)

Figure 7. Semantics of type formers

Given (—) 7, (=)t € V, we define (—) := F((—)~, (=)") by
(unit) Unit
(int) Int
(bool) Bool
(Ax B) = Prod(A)*",(B)"
(A5 B) = Arr(A)”, per(Tiee) x—- x+((B)))

where XZFF = (z()t/~

Now given a subset (—) satisfying (—) = F((—), () we can
put [IL; X + A] := (A) (recall that IT, > were temporarily fixed)
and thus satisfy the equations in Fig. 9 for storable A. As already
mentioned, for general A the equations can then be understood as
an inductive definition.

It remains to show using Thm. 1 that such fixpoint (—) indeed
exists. We define (—); and (—)g by

(A = VxV
(-)s = F((-Do. (L)

where (A)T, = 0. The required functions ¢; : D — D are given
by

a:(A,0,0') = (A, ¢ (v), 4 (v"))
where the functions ¢ are defined in Fig. 10
Lemma 13. The functions q; are retractions and it holds that
qZ(A7 v, ’U,) - (A7p’i(v)7pi (Ul))'

Proof. Straightforward induction on .

Lemma 14. 1. For any ()", (—)"
F((=)75 (=) € (Do,
2.q0: (—Dg — ()¢

€ V one has ()¢ C

3.0fqi: (=D)7, (DT thenqisa : F((=D*, (=)7) — F((=)~. (=)")

Proof. The first two items are obvious. We consider the following,
most interesting, subcase of the third one: suppose that A € T" and
L is a finite set of locations (typically L = locs()).

Suppose furthermore that ¢; : (—)~ — (=) 7.

Define X/~ = (S(€))*/~. We have to show that
g™ T e x- (A7) = T2 e (14)T)
So suppose that
(£ f) € TE o x- ((4)7) @
sRL7X73/ 3)

q{q V-V
¢**:c—cC
qiL :S—S
@ () = x when A is a base type
g P (pair(vy,v2)) = pair(q (v1), g7 (v2))
"B (fun(f)) = fun(gl; £;47F)
P()(s) = Lwhen f(¢°9)(s)) = L
% (f)s) = L
a7 (f)(s) = Lwhen f(g"™(s)) = L
() = (@ (1), a5 ()
when f(QEOCS(E)(S)) = (s1,v)
()0 = qiz(a(s.ﬂ) when? € L
qF(s)(0) = s.Lotherwise
%A (v) = wrong in all other cases

Figure 10. Nonstandard retractions

The assumption ¢; : (—)~ — (=) gives us ¢/ (s)Rp x+a/ (s').

Furthermore, we know from the definition of ¢ that ¢ (s) ~LAL
sand gf(s') ~paL 8

Thus, f(g5(s) = L = f(g5(s)) = L. Suppose
now that (g (s)) = (t1,01) and F'(gh(s) = (th,0}). We
then know that t1 R, x-t7 and (vi,v1) € (A)” and t; ~p\p s
and t] ~p\z 8. We now have ¢"2(Y(f)(s) = (s1,v) and
FEA(f)(s) = (sh,0') with 51 = gF(tr) and 8} = ¢2(t))
and v = ¢{*(v1) and v' = g;*(v}). We thus get s1 R, x+s; and
(v,v") € (A)*. Finally, s1 ~p\z s and s} ~p,\ s since ¢” does
not modify L \ L. O

This lemma completes the premises to Theorem 1 which then
yields the existence of a (unique) subset (—) € V satisfying
F((-),(-D) = (—). We then put [I; X - A] := (A). Lemma 12
shows that this definition satisfies the equations in Fig. 9. Since
IT; ¥ was arbitrary this defines [—] for all storable types. We
then extend [—] to all types using the equations from Fig. 9 as
definitions noticing that the meaning of non-storable types only



depends on the (already defined) meaning of storable types and the
meaning of smaller non-storable types. This concludes the proof of
Theorem 2. O

We can now formulate the following ‘fundamental theorem’ of
logical relations, which states that terms are related to themselves.
We write (6,0") € [II; £ + O] if dom(©) C dom(#) N dom(6’),
and for all z € dom(0©).(0z,0'x) € [II; X F Ox].

Theorem 3 (Fundamental Theorem). IfI[;X;0 F e : A e and
(0,0") € [I; £ + O], then

(H@ﬂa, [[6]]9/) S T[[H;EFE]] [[1_[7 Y E A]]

Proof. By induction on the derivation of IT; X; © + e : A, . The
different cases are all direct which is no surprise since the logical
relation has been defined so as to make the fundamental theorem
true. We only treat the cases T-REC, T-READ, T-WRITE, and T-LET
here the others being essentially equivalent to the corresponding
ones in [3].

Case T-REC: Heree = rec fx.egand A = Ay 20 Ajande =0
and IT; 33; ©, f: Ay 20 Ay, m:Ar Foeg : As.
Recall that [e]6 = | |, gs where go = Az.As.L and

gi+1 = v.[eo]0x—v, frofun(gi)]

Define g} analogously with 6 replaced by ¢’.
We show by subordinate induction on ¢ that

(gi,9i) € LT+ A= B]

holds for all 4.

For ¢+ = O this is obvious from the definition. For ¢ > 0
this follows from the main induction hypothesis applied to eg
and the subordinate induction hypothesis. We then get the desired
conclusion using admissibility of [—].

Case T-READ: Here e =!{ and A = X(¢) and ¢ = {rd,}.

Suppose that R € [II; X F €] and sRs’. We then have s = s,

st =s',and v = s.£ and v' = s’.£ (with the usual notation).
Clearly, s1 Rs} and also (v,v") € [E(€)] since R € [II; X - €].

Case T-WRITE: Heree = ¢ := z and A = unit and O(z) =
¥(¢) and € = {wrg}. Suppose that R € [IL; X I ¢] and sRs’.
We have s; = s[{—0(z)] and s] = s'[0—0 (x)]. We know
(6(z),0'(z)) € [II; Z + Z(¢)] from the assumption on © and so
s1Rs] since R € [II; = I ¢].

Case T-LET: We use Prop. 3 to “strip off” the admissible PER
closure per(—) from the induction hypothesis and are thus lead to
essentially the situation of [3], see also [8] for a similar argument.

O

Definition 15. IfII - X ok and 11 - A ok and 11 + € ok
then we write I1;3;© = e1 = ez : A, to mean that whenever
(0,0") € [I; = I O] then ([e1]0, [e2]¢’) € [IL; = + A].

Theorem 4. Whenever I1;3;© b e1 = ez : A, ¢ is derivable with
the rules in Fig. 6 then11;3;0 = e1 = ez : A, e

Proof. The proof follows the same pattern as the one of the
corresponding result in [3], and can be found in an Appendix
available online http://www.tcs.ifi.lmu.de/~mhofmann/
papers/ppdp09.pdf. Again, we use Prop. 3 to “strip off” per(—)
operators in instances of the induction hypothesis.

We briefly sketch some auxiliary lemmas, as well as interesting
cases of the main result. We write [¢] for [II; X I ¢] if IT and X
are obvious from the context, and similarly for [A] and [O].

Lemma 16. (No reads) Let T1;3;0 F e : Ae (0,0') €
[©], [el0s = (s1,v) and [e]6's’ = (si,v"). Furthermore, let
(s.6,s".0) € [Z(0)] hold for all £ € rds(g). Then, (v,v") € [A],
and for all ¢ € wrs(e),

o 5.0 =s.land s\t =54 ie lisnotwritten at all, or
o (51.4,s1.0) € [Z(0)], i.e. £ is updated with related values.

For the proof of this lemma we define

V¢ € rds(e). (t.4,8.0) € [S(O] A
VL e wrs(e). (t4t.0) e [Z()]V
(tl=slAt' L=5.L)A ,
VeeL\ (rds(e) Uwrs(e)).
(tl=sbAt L=51)

observe that R € [¢] and sRs’ hold, and use the fundamental
theorem to obtain (v,v") € [A] and s1 Rs}. From this, the claim
follows by the definition of R.

In a similar manner, we prove the following two lemmas, where
we write s |=. X if all £ € rds(e) satisfy (s.4, s.£) € [X(£)].

R=<(t,t)]

Lemma 17. (No writes) Let TI; ;0 e : A)g, (0,0") € [©],
[e]0s = (s1,v), and s | X. Then (v,v) € [A], s1 Ee %, and

S ~L\wrs(e) S1-

Lemma 18. (Termination) Let T1;3;0 e : A,g, (0,0') € [©],
s X, and s ~pasey S’ Then [e]0s = L <> [e]¢'s’ = L.

The main result is then shown by induction on the rules from
Figure 6. We treat one representative case.

Rule E-DUP . We have e; = let z < e in pair(z,z) and eg =
let x < e in let y<=ec in pair(x,y) for some I;3; 0 - e :
A’ ewithz ¢ dom(©), A = A’ x A" and rds(e)Nwrs(e) = (.
For (0,0") € [©] we have to show

(f, ') = ([e1]8; [e216") € Tyep([A]) = per(TEy ([A]))-
By the definition of the operator per(.), it suffices to show
(f, f) € T2 ([A]). so let R € [e] and sRs'.

The fundamental theorem applied to (6, 6’) € [©] and IT; 3; © +

e: A eyields ([e]0, [e]0) € Ty ([A']) = per(TE;([A])).

Using Proposition 3 we deduce ([e]4, [¢]0’) € T[[OE]] (TIA'D), so

from R € [e] and sRs’ we deduce that [[e]fs = L is equiv-

alent to [e]0’s’ = L. Thus, if [e]ds = L then f's’" = L

follows.

So let [e]0s = (s1,u) and [e]¢'s’ = (s],u’). By the funda-

mental theorem, we have

i) s1Rs} and

i) (u,u’) € [A].

We also observe that

iii) (0',0") € [©] holds, by using (6,6") € [©] and (point-
wise) per-ness of [O]

iv) s’ [=c 3, since forall £ € rds(e), sRs’ implies (5.4, s’ .0) €
[2()], so by per-ness of [S(¢)] we have (s'.4,s".4) €
=01

We can thus apply Lemma 17 to [[e]0's" = (s, u’), and obtain

v) (u',u') € [A’], and

vi) s - %, and

Vii) s ~L\wrs(e) 5’1’

From s’ ~1\wrs(e) s1 and rds(e) N wrs(e) = () we obtain

Viii) S/ ~rds(e) 8/1, and

ix) (0,0'[x — 4/]) € [©] holds due to (6,0") € [O] and
z ¢ dom(O)



so we can first apply Lemma 18 and obtain [e¢]6' [z — u']s] =
(sh,v") for some s5 and v'. We thus have

fs= (817 (u7 u)) and flsl = (8127 (ulavl))a

hence all that remains to show is s1 Rs5 and (u,v’) € [A'].
Indeed, we may apply Lemma 16 to [e]0s = (s1,u) and
[e]0'[x — u']sy = (sh,v), since (0,0'[x — u']) € [O]
(from (0,0') € [O] and iz)) and all £ € rds(e) satisfy
(s.l,s'.4) € [E(0)] (due to sRs") and s'4 = s).£ (due to
vii4)), hence (s.4, s1.£) € [Z(¢)]. We thus obtain the desired
(u,v") € [A'], and that
x) all £ € wrs(e) satisfy s1.£6 = sl A syl = s1.0 or
(s1.4,55.0) € [Z(0)].
We may also apply Lemma 16 to [e]s = (s1,u) and
[e]0's” = (sh,u), since (0,0’) € [O]) and all £ € rds(e)
satisfy (s.0,s'.4) € [X(¢)] (due to sRs’). We thus obtain
(u,u’) € [A’] (again) and that
xi) all £ € wrs(e) satisfy s1.4 = sl Asil = s’ or
(s1.2,51.0) € [Z(0)].
Combining x) and xi) yields that each ¢ € wrs(¢) satisfies one
of the three cases
o (s1.4,85.0) € [Z(0)],
e 510 =5l ANsht =35, 0and s1.0 = sl ANsil =54,
hence s1.£ = sl A shl =54,
¢ 51.8 = sk A\ syl =s).0and (s1.4,51.0) € [Z(£)], hence
(s1.0, s5.0) = (s51.4,51.£) € [Z(0)].
Thus, all £ € wrs(e) satisfy (s1.£, s5.£) € [E(0)] or s1.4 =
s A syl =s"L Forl €L\ wrs(e), we have (by Lemma 17)
s1h=slANsht=2s14=5U1
Consequently, we way write s1 and s5 as

s1 = s[li—vi]... [ln — vp]

sy = Sl vi]... [l — vy

for some (finitely many) £1,...,4, and (v;,v) € [S(£)].
Since R preserves write effects we conclude s1 Rs from sRs’.

This concludes the proof sketch of Theorem 4. O

We close with the following Lemma about relatedness of initial
stores which allows us to deduce observational equivalence from
semantic equality

Lemma 19. IfI1 - X ok and I1 + € ok and R € [¢] then sx. Rsx.

9. Discussion

In this paper, we reported progress towards providing semantic jus-
tification of program transformations for effectful higher-order lan-
guages using relational techniques. Restricting our attention to a
language with global store, we highlighted the need for further
work on the solution theory for mixed-variance equations. Despite
our inability to provide such a solution theory in its full gener-
ality at this moment in time, we believe the present paper repre-
sents substantial progress on this topic, exemplified by our ability
to justify the existence of the logical relation for the language con-
sidered, which does not appear possible using existing techniques.
The corresponding proof makes critical use of non-standard retrac-
tions, a technique that may indeed be a component of a general
solution theory. While slight relaxations of the storability condi-
tion might be possible, new insight is required to fully eliminate
it, which would be particularly welcome given the restrictions it
imposes on practical programs. One would hope that once such a
solution theory is in place, it would also allow one to reintegrate
allocation, by combining the presented work with parameters and
Kripke-interpretations of function types as demonstrated in [4]. At

present it would appear possible to write down a corresponding
logical relation and use it to justify transformations that involve
allocation, but the precise meaning (and well-definedness) of the
obtained equational theory would be unclear. In addition to this,
future work will also seek to develop a better understanding of the
relationship between the relationally denotational style of reason-
ing explored in our work, the step-indexed operational interpreta-
tions of types [1, 2], the operational theories for reasoning about
observational equivalence based on bisimulation [9, 14, 13], and
the approximative and inequational reasoning in the style of [5].
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