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Names are ubiquitous in programming. This article considers a notion of explicit naming, where names are
first-class citizens, and explicit primitives are provided for creating, using and freeing names. We present two
semantics for explicit naming. The first is a traditional imperative semantics that threads a heap mapping
names to values. The second is an alternative functional semantics that uses effects to track name manipulation
compositionally, without explicit state passing. To relate the two, we employ clairvoyant semantics, a technique
that allows us to ‘look into the future’ of a computation. We show that clairvoyance provides a natural bridge
between the functional and imperative perspectives, enabling a proof of their equivalence.

1 Introduction

One of the most basic operations in programming is to bind a value to a name. Often, no distinction
is made between a name and its value. For example, in the body of the term

let x =1+ 2 in print (x + x)

we might understand the name x as being the value 3, but outside the body of the term the name
loses this meaning as it is out of scope. In this article, we consider a notion of explicit naming, where
names are first-class citizens in a language, and explicit operations are provided by the language to
bind a value to a name, to look up the value bound to a name, and to free a name when it is no
longer needed. For example, in this setting, in the body of

bind x to 1+ 2 in print (read x + read x); free x

the name x might be understood as a reference, or pointer, to the value 3, and we use explicit
operations to read the value of x, and to free the name when the body ends. In this article, we focus
on immutable bindings, where the value bound to a name cannot be changed once assigned.

A key aspect of explicit naming is that a name can escape its scope of definition, as it can be
treated just like any other first-class citizen. In particular, names can be returned as results, passed
as arguments, and stored in data structures. Because of this, the operation of freeing a name can
affect other parts of the program that later use it. For example, attempting to use a name that has
been freed may lead to a program crashing or having undefined behaviour. This kind of ‘action at a
distance’ is a primary source of complexity when reasoning about explicit names.

We present two semantics for explicit naming. The first is a traditional imperative semantics,
threading a heap through each computation, which tracks the value assigned to each name. When
a new name is allocated, a new binding is added to the heap, and when a name is freed, the binding
is removed. The second is an alternative functional semantics, using effect tracking to record the
local changes made to names. These effects can be combined compositionally, allowing us to define
the meaning of a larger computation in terms of the meanings of its components, which makes
reasoning using the functional semantics much simpler than with the imperative version.

The two semantics are very different in their approach, but they should behave the same when
viewed externally. How do we prove they are equivalent? In this article, we provide a straightforward
equivalence proof using clairvoyance. This idea, first introduced by Hackett and Hutton [10], allows
us to use information from the future while performing a computation. Clairvoyant semantics
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does not represent a real evaluation strategy, but can naturally express the behaviour of both the
heap-based and effect-based approaches. Using a clairvoyant intermediate semantics, we are able
to avoid comparing the imperative and functional perspectives directly, which turns out to be a
significant convenience. The article itself makes the following contributions:

e We introduce a lambda calculus with explicit naming, define a heap-based semantics for the
language, and provide examples of this semantics (section 2);

e We present another semantics for the same language, which exploits effect tracking to ensure
that the semantics is compositional at the level of heaps (section 3);

e We state the equivalence of the two semantics, and show how to transfer results across the
equivalence, including specific examples and general transformations (section 4);

e We present a ‘clairvoyant’ semantics which subsumes the other two semantics (section 5),
and show how it can be used to prove the equivalence result (section 6).

We discuss related work in section 7 and future work in section 8. The article is aimed at readers
with some basic experience of formal semantics and reasoning, but does not require specialist
knowledge. Our focus is not just what has been proved, but also how it was proved. As such, the
article and its proofs are written in a narrative style, with plenty of illustrative examples. The
take-home message from our semantic equivalence proof is that if you need to compare imperative
and functional perspectives, consider using clairvoyance to provide a unified view.

2 A Lambda Calculus with Explicit Naming

In this section, we introduce a lambda calculus with explicit naming. In this language, a name can
be thought of as a pointer to a value, with explicit operations being provided for creating, using
and freeing names. The section concludes with some examples to demonstrate various properties
of the heap-based semantics we define for the language.

2.1 Heap-Based Semantics

Let us begin with a call-by-value lambda calculus without explicit naming. We also include integers
and addition in the language in order to present examples. Its syntax is specified by the following
grammar, where x ranges over an infinite set of variables and n ranges over integers:

e=x|Axe|ee|n|e+e

To define the semantics for the language, we use a standard approach and notation inspired by
Launchbury [17]. In particular, we use a heap to keep track of the assignments to names, which is
given by a partial function from names to values. For now, an expression is a value if it is an integer
or a lambda abstraction. We write {} for the empty heap, and (H, x +— v) for the extension of a
heap with a new binding; for ease of identification, heaps are grey and bindings are red.
Judgements in our semantics are of the form H; : e || H, : v, where H; and H, are heaps, e is
an expression, and v is a value. This can be read as ‘the expression e can be evaluated with initial
heap H; to produce the value v and final heap H,’. The semantics is defined by the following rules:

VAR Lam
Hx—v):x || (Hx—v):v H:Ax.e | H:Ax.e
Hi:eg | Hy:Ax.e Hy:ep | Hz:v (Hs, x> v):e || Hy:v'

App
Hi:eje | Hy:v'
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Hi:e; | Hy:my Hy:es | Hj:ny
——  InT ADpD
HZHUH:H leel+ezlLH3:n1+n2

The variable rule VAR specifies that a name x evaluates to the value v it is bound to in the heap. The
Lam rule specifies that a lambda abstraction Ax. e is already fully evaluated. The App rule states
that an application e; e, proceeds by first evaluating e; to an abstraction Ax. e, then evaluating e,
to a value v, and finally evaluating the body e of the abstraction with a new binding x — v in the
heap. This new binding persists after the expression has finished being evaluated, as we have not
yet introduced a mechanism for freeing names. In the App and ApD rules, the heap is threaded
sequentially, with the final heap in each premise being used as the initial heap in the next.

We adopt the convention that the name x in the App rule is chosen to be different from all names
used so far, to avoid unintended name collisions on the heap. As such, we can think of the App rule
as a mechanism for creating fresh names. We discuss fresh names in more detail in section 6.

2.2 First-Class Names

The above version of the VAR rule means that every mention of a name is a use of it, preventing us
from using names as first-class citizens. Therefore, to make a language with explicit naming, we
split the variable rule into two rules, to distinguish a name from its value:

Hi:e | (Hy,xm—v):x
————— Var READ
H:x | H:x Hy:xe | (Hy,xt—> v):v

The new VAR rule has a transparent reading, ‘names are values’, and we extend the notion of values
accordingly. Given this rule, names are now first-class citizens that can be passed as arguments,
returned as results, and stored in the bodies of abstractions for later use. The READ rule introduces a
new operator, written ‘«’, for reading the value bound to a name. This rule operates on an arbitrary
expression that evaluates to a name, not just an expression that is syntactically a name.

Example 2.1 (reading variables). In our new semantics, the expression *x (‘read the value bound
to x’) has the same behaviour that x has in the usual lambda calculus. More explicitly, in the heap
(H, x = v), we can show that #x evaluates to v without altering the heap:

VAR
(Hx—v):x | (Hx—v):x
READ

Hx—v):xx | (Hx—v):v o

Example 2.2 (identity function). In this semantics, Ax. x is no longer the identity function. To
demonstrate this, we consider the expression (Ax.x) (1 + 2). We describe the evaluation of this
expression using an informal ‘computation trace’, underlining the expression under reduction:

heap expression
{} (Ax.x) (1+2)
~ o |} (Ax.x)3

~w {x 3 x



4 Sky Wilshaw and Graham Hutton

The result is that 3 is bound in the heap to the variable x, and the name x itself is returned. This
shows that Ax. x is not the identity function. However, Ax. *x does behave as the identity:

{} (Ax.#x) (1+2)
~ o {} (Ax.#x) 3
o {xe3h s
~w {x 3} 3

In general, regular lambda terms can be converted for this semantics by replacing each non-binding
occurrence of a variable x with #x. For example, the Church numeral 2, which usually takes the
form Ax. Ay. x (x y), would be written as Ax. Ay. xx (xx xy). o

2.3 Freeing Names

To free a name when it is no longer needed, we would ideally like to have an expression ‘free x’
that simply frees the name x from the heap. However, we must also decide what value such an
expression should produce. Returning some form of dummy value would be rather cumbersome,
so instead, we use an operator of form ‘e;; free e,’. This expression first evaluates e; to a value v,
then frees the name that e, evaluates to, and finally returns v:

leelﬂHZ:v Hz:@z“,(Hg,XF—)Z)/)Ix
Hj:eq; freee; || Hs:v

FREE

Note that this rule can only be applied if the heap contains a binding for the name being freed. In
particular, we cannot free a name that has not been allocated on the heap, and we cannot free a
name multiple times. It is easy to adapt our system to allow double-frees, but we will not do so
here. Our choice for the form of the freeing operator is motivated by the following example.

Example 2.3 (self-cleaning identity). Previously, we saw that evaluating (Ax. *x) (1 + 2) with the
empty heap resulted in the value 3, but had the side effect of ‘polluting’ the heap with the binding
x — 3. To avoid this, we can free x before returning from the function:

{} (Ax. (ex; free x)) (1 + 2)
{} (Ax. (*x; free x)) 3

{x =3} =xx; freex

{x+— 3} 3; freex

{} 3

In this manner, Ax. (*x; free x) is the identity function that ‘cleans up after itself” by freeing the
name x once it is no longer needed, returning the heap to its original state. This example shows
how ‘—; free x” adds a freeing operation to a function without altering its returned value. o

¢ 88 ¢

We have now defined our lambda calculus with explicit naming, with the full list of rules given
in fig. 1. We chose to work with a minimal language with the desired features in order to focus on
the essence of explicit naming. We note that the desired naming features do not rely upon the rules
for integers and addition, and they could be removed without affecting the theory we will present.
However, we have included these rules in order to give more meaningful examples.

2.4 Reasoning

We now give two examples of reasoning in our language, the first being straightforward using the
heap-based semantics, and the second being difficult to prove in this setting. We assume whenever
it is convenient that bound variables have never been used before.
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—— VAR Lam
H:x | H:x H:Ax.e | H:Ax.e
Hi:ey | Hy:Ax.e Hy:e; | Hs:v (Hy,x—>v):e || Hy:v'
Aprp
Hi:eje; | Hy:0'
Hlleu(Hz,X'—)U)lx leellle:v Hzlezu(H3,X'—>U/)2X
ReaD FREE
Hi:xe | (Hy,x— v):v Hi :ey; freee; || Hy:v
HIZCIUHQZI'll Hg:CzUHg:le
INT ADD

H:n | H:n Hi:ei+e | H3:ng+ny

Fig. 1. Heap-based semantics

Example 2.4 (immutability). Bindings in our language are immutable: once a value is assigned to
a name, the value cannot be changed. This property holds because the only way to assign a value
to a name is to bind that value to a fresh name in the App rule. To see how immutability can help
with reasoning, consider the following example, where e is an unknown expression:

(Ay.*x) e
Evaluating this example in a heap where x has the value 4 proceeds as follows:

(x4} Qge

~  H (Ay.#=x) v

~ (Hyy—> o) *x
Here H is the heap obtained after evaluating e to the value v. If x is not in the domain of H, then
we cannot complete the derivation. This occurs if x is freed by e. However, if x does occur in the

domain of H, then we know by immutability of bindings that the value bound to x must be 4. So
regardless of what e actually is, the example either evaluates to 4, or does not evaluate. o

Example 2.5 (reordering computations). Consider the expressions
eg1+e, and e +e

Since we evaluate the arguments of addition from left to right, the first expression will evaluate e;
before e;, while the second expression will evaluate e, before e;. As a result, in general the two
expressions do not have the same behaviour. For example, consider:

#x + (1; freex) and (1; free x) + *x

The first expression will produce a value if x is bound to a number in the heap, but the second
expression can never evaluate because it frees x and then attempts to read from it. However, it can
be shown that if the two expressions e; + e; and e, + e; both evaluate in some initial heap, then in
fact they evaluate to the same value. A simple example is given by the following expressions:

(xx; free x) + (xy; freey) and (xy; free y) + (xx; free x)
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Using an initial heap that binds x and y to numbers, the first expression evaluates as follows:

{x = Ly 2} (xx; free x) + (xy; freey)

w {x = Ly 2} (1; freex) + (xy; free y)
~w {y > 2} 1+ (*_y, freey)

~w o {y 2} 1+ (2; freey)

w () 1+2

~ {} 3

Using the same initial heap, the second expression evaluates to the same final heap and value, but
the derivations have no common intermediate states:

{x = 1,y 2} (xy; freey) + (xx; free x)

{x— 1Ly 2} (Zfree y) + (xx; free x)

~w {x e 1} 2 + (xx; free x)
~w {x e 1} 2+ (1; free x)

~ () 241

~  {} 3

We might like to show this commutativity property holds for any choice of expressions e; and e,
but it is hard to prove. Indeed, these examples demonstrate that reordering subexpressions can
drastically change the way a derivation looks, and so even stating the required induction hypothesis
is difficult. To address this, in section 3 we will introduce a compositional semantics for our language
with explicit naming that allows us to present a simple proof of this fact. o

3 Effect-Based Semantics

The semantics defined in the previous section simultaneously handles two tasks: performing a
computation, and tracking when names are freed. In this section, we show how to separate these
two tasks, factoring our heap-based semantics into two simpler parts. The resulting semantics that
we obtain is equivalent to the heap-based semantics of section 2.

First of all, we give an evaluation semantics for our lambda calculus with explicit naming. This
semantics fully captures the denotational behaviour of an expression, but does not model the
operational aspect of freeing names. Next, we describe a system of effects to track the way that
evaluating an expression interacts with a heap. Crucially, this is done in a way that maintains
compositionality at the level of heaps: we do not need to thread the heap through our calculations
in order to determine the effect of a complicated expression. Finally, we define a partial order on
effects, which can be used to reason about effects in a compositional manner, even in the presence
of uncertainty; this feature has no direct counterpart in the heap-based semantics.

3.1 Denotations of Expressions

In this section, we give an evaluation semantics for our language, which tracks only the meaning
of expressions and not their effects on the heap. Our partial denotation function [-]|_) maps an
expression e and a context I' to a denotational value w. Here, a context is a partial mapping from
names to denotational values, and we will shortly define what a denotational value is. To distinguish
such values from the notion of values defined in the previous section, we will sometimes refer to
the latter as operational values. Unlike heaps, the contexts used in our evaluation semantics will
not be threaded sequentially through our semantic rules. For example, in an application e; e,, the
same context will be used to evaluate both subexpressions e; and e,.

Recall that the value assigned to a given name, if it exists, will never change (example 2.4). This
suggests that we might be able to track the value assigned to a name within the denotation of the
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name itself, rather than in an external heap. To this end, we define the following rules:
I(x)=w lellr = (x — w)

—— D-Var ——  D-READ

[xlr = G = w) [+elr = w
Here, (x +— w) is the denotational value corresponding to a name x that is bound to the denotational
value w. Thus, the D-VAR rule states that a name evaluates to itself, but that we additionally store
the value it is bound to. In contrast to the VAR rule, this means that a name that does not appear in
the domain of its context has no denotation. The D-READ rule does not access the context to read
from a name, but instead retrieves the stored value directly from its argument. Therefore, as this
rule does not access a heap, it can never fail if its argument evaluates to a name.

Example 3.1 (evaluating variables). The denotation of *x in a context T' is precisely I'(x). We may
directly calculate the following: [+x]y =w — Fy. [x]; = (y — w) & T(x) =w. o

Because this semantics does not model name freeing, we also define the following rule, which
states that the operation of freeing a name has no effect on denotations:

n D-FrEE
[e: free e’ = [ellr
In turn, we add rules for abstraction and application. Because we are now using a context in place
of a heap, abstractions denote closures, storing the context in which they were defined:
[elr = Mx.e

—_—g D-Lam D-Arp

[Ax.ellp = A x.e [e exllr = [[e]]r',XHHQ I
The D-Lam rule states that an abstraction evaluates to itself, also remembering the context in which
it is evaluated. The D-App rule describes the usual way to evaluate applications, where the body e
of the closure is evaluated in its stored context I, extended by binding the bound variable x to
the result of evaluating e;. In a similar way to the App rule, the D-App rule should be viewed as
choosing a fresh name x for the bound variable. Finally, we have rules for integers and addition:

leillr = [ezllr = n2
D-INT D-App

[nlr=n [lex + exllr = n1 +ny

Example 3.2 (identity function). In the previous section we saw that evaluating the expression
(Ax.#x) (1 + 2) with the empty heap resulted in the value 3 and the heap with the binding x — 3.
The denotation of the same expression in a context I' gives the same value:

[(Ax. =x) (1 + 2)];

[exr,cspieay,

|[*x]]r,xr—>3

=3 o

We are now in a position to define a denotational value as one of the following: an integer; a
closure of the form (A'x. e), where T is a context, defined mutually as a partial mapping from
names to denotational values; or a name bound to a denotational value (x +— w). Importantly,
while expressions and operational values are defined inductively, we define denotational values
coinductively. This means that we allow for infinite chains of bindings such as:

xPYrxHyH--)
and we allow bindings in a context I to refer to I itself, as in:

I'(x) = ly.e
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Example 3.3 (contexts with cycles). Consider the heap with a cycle mapping x to y and y to x.
Given such a heap, we can show that dereferencing x twice gives x itself:
{xP Yy x} xx
~w {x Py y o X} sy
v {x Yy} x
Similar behaviour can be expressed in this evaluation semantics. Consider the context I' defined by
I'(x) = (y — I'(y)) and I'(y) = (x + I'(x)). Then we can calculate the following:
[xlr = (x — T(x))
[#xIr = I'(x) = (y = I'(y))
[+xlr = T'(y) = (x = I'(x) = [x]r o
Using the fact that denotational values are defined coinductively, it is straightforward to define a

translation operation that turns a heap into a context. Given a heap H, its translation is written tr(H),
and is given by the following coinductive rules:

H(x) =1y tr(H)(y) = w H(x) = Ay.e H(x)=n
tr(H)(x) = (y — w) tr(H)(x) = A"y e tr(H)(x) = n

When we translate an abstraction Ay. e, we need to define the context I' that is captured by the
abstraction. This is where corecursion becomes a vital tool: we simply set I to be the context tr(H)
that we are currently defining. As an example, consider the following heap H.

H = {x— (At.e),y — x}
This has translation tr(H) = T given by:
I(x) = Alt.e I'(y) = (x — At.e)
We will use this translation in section 4 to state our equivalence theorem.

3.2 Tracking Effects

The evaluation semantics captures the denotational meaning of expressions, but does not model
name freeing. For example, consider the following expression:

#((Ax. (x; free x)) 4)

It has denotation 4, but does not evaluate in the heap-based semantics. In particular, evaluation
gets stuck at the end as dereferencing x requires a binding for x in the heap:

H #((Ax. (x; free x)) 4)
~w (H,x > 4)  x(x; free x)
~ H *X

To model this kind of behaviour, we describe a way to abstractly track the effect that evaluating an
expression has on the heap. The idea is that the effect of an expression behaves as a log, tracking
which names have been read from and freed, and in what order. We can then call a computation
valid if its log contains no instance of a name being used after it is freed. In a sense to be defined in
section 4, valid computations have equal behaviour in both semantics.

We formalise this idea as follows. A name effect is an element g of the set

{1, read, free}
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A name effect describes what happens to a given name over the course of a computation:
e 1 means that the name was not read from or freed;
e read means that the name was read one or more times;
e free means that the name was read zero or more times, and then freed.

Note that we only track reading and freeing, not assignment to a name, and using the notation ¢
for name effects reflects the fact that they form an ‘effect quantale’, as we shall see later on in
this section. We can compose two name effects using the partial binary operator (—) = (—) called
sequential composition and pronounced ‘then’, which is defined as follows:

. 1 read free

1 1 read free
read | read read free
free | free L L

Here, L denotes that a particular combination is left undefined. The fact that = is partial encapsulates
our notion of validity: if ¢, = ¢, is undefined, it is not valid to compose the two name effects. For
example, free = read is undefined, because it is not valid to use a name after freeing it. Note that
composition with an undefined value is left undefined:

geL = 1L=q = L
It is easy to check that composition of name effects is associative. That is, when either side in the
following equation is defined, so is the other, and they are equal:
q1+(q27q3) = (q1*q2)*qs
Moreover, 1 is the identity for composition, so name effects form a partial monoid:
l=qg = q=gq-1
Example 3.4 (composing name effects). Intuitively, the name effect of x in the expression *x; free x

is given by read = free, which simplifies to free. This is formalised by the semantics given below. ¢

We now define an effect to be a total function mapping each name to its name effect. This means
that we track the effect on each name separately: reading or freeing x has no impact on the validity
of reading or freeing any other name y. We use the letter g for both name effects and effects; in
practice, it will be clear which kind of effect is meant. We define a partial monoid structure on
effects pointwise: (¢ = ¢")(x) = q(x) = ¢’(x) and 1(x) = 1. We will also find it useful to define basic
effects that read and free a given name x, and have no effect on any other names:

read ifx =y
ad —
(read )(y) {l otherwise
free ifx=y
fi =
(free x)(y) {l otherwise

Using the above ideas, we can now define an effectful semantics that simultaneously computes the
denotation and effect of an expression. Judgements are of the formT'+-e || ¢:w, which can be read
as ‘in context T, the expression e has effect g and denotes w’. This can be seen as an instrumentation
of the evaluation semantics, with the rules for the effectful semantics having similar form to the
corresponding rules for the evaluation semantics, but tracking extra information. Indeed, our rules
satisfy the following implication, up to choice of fresh names:

T'rtell g:w = J[elr=w
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We will use the convention that whenever a composition ¢; = ¢, occurs in a rule, we assume that
this composition is in fact defined. The core rules are defined as follows:

I'(x)=w
E-Var 7 E-Lam
F'rx | 1:(x—w) TrAx.e | 1: 1 x.e

I‘kelﬂqlzlr/x.e Tre, | q2:w T, x—wrel g:w
E-Arp

Freres | qi=go=gs:w’

Tre |l g: (x> w) Trer | qi:w Tres | qz:(x—w)
E-READ E-FREE
I't%e || g=read x:w T'rey; freeep | gi=qo=freex:w

There are a number of points to note about these rules. First of all, the rules E-VAR and E-Lam
for names and lambda abstractions always yield the ‘do-nothing’ effect 1. This corresponds to the
fact that the heap-based VAR and LaM rules do not read from or modify the heap. The other rules
(E-Arp, E-READ, E-FREE) similarly correspond to rules from the heap-based semantics (App, READ,
FREE), describing the order of operations carried out on the heap. As previously, we also add rules
for integers and addition; all the rules are summarised in fig. 2.

Secondly, the effects of intermediate expressions are never analysed, but are only used to compute
the overall effect via sequential composition. Additionally, while we track effects that capture how
evaluation interacts with the heap, the context used to evaluate each effect is not threaded through
the rules, with the same context being used for each subexpression in a compound term. The only
rule that modifies the context is E-App, which updates the captured context I'’ with a new binding
for x. Finally, specifying both the denotation and effect in a single rule set, rather using separate
rules for each part, avoids side conditions about the choice of fresh names in the two parts.

We conclude by returning to our initial example, *((Ax. (x; free x)) 4). Using our effectful seman-
tics gives the following derivation, in which uses of E-VAR and E-Lam are elided for simplicity:

[,x— 4Fx; freex || free x : (x — 4)
'+ (Ax.(x; freex)) 4 | free x: (x +— 4)
[+ *((Ax. (x; freex)) 4) || free x=read x : 4

However, the final composition of effects, free x = read x, is undefined as it involves a read of a
name after it is freed. Hence, the above derivation is not actually valid, which corresponds to the
fact that the expression fails to evaluate in our heap-based semantics.

3.3 Reasoning

In this section, we present some examples of how our new semantics can be used to reason about
the denotational and effectful behaviour of expressions.

Example 3.5 (let expressions). We can define syntax for ‘let’ expressions as follows:
(let x = ey iney) = (Ax.ey; free x) e
Their behaviour is then captured by the following derivation tree:

Ix—>wirey | g2:wy

Tre | g1:w T,x > witeg; freex || go=free x:wy

T+ (Ax.ey; freex) er || q1=qz=free x:wy



A Compositional Semantics for Explicit Naming (Functional Pearl) 11

I'(x)=w
E-VAR 7 E-Lam
Trx | 1: (x> w) T'rAx.e | 1: 1 x.e

’

erlﬂqlz/lr/x.e Tre | go:w T, x> w)re | g3:w

E-Arp
Trerey | qi=gorgs:w

Tre | g: (x> w) Trer J qi:w Tres | q2:(x—w)
E-READ E-FREE
I'txe || g=read x :w T'rey; freeep | gi=qo=freex:w

Tre § gi:my Tre, | go:my
——  E-INT E-ApD
I'tn | 1:n Thei+ey | qr=qzing+ny

Fig. 2. Effect-based semantics

This derivation shows that the denotation of let x = e; in e; is given by the denotation of e, in the
context extended by binding x to the denotation of ey, and the effect is that of first evaluating e;,
then e,, and finally freeing x. Hence, we have the following derivable rule:

Tre | g1:wy T,x—wike | go:wy

I'tletx=e ine; | g1=qz=free x:w,

For example, we can use this rule to obtain the semantics of the expression let x = e in *x:

T'tel g:w Ix— wrxx || read x:w

I'tletx=ein*x || q=read x=free x:w

The overall effect simplifies to q = free x, where ¢ is the effect of evaluating the expression e, and
the overall denotation w is simply the result of this evaluation. This example shows how we can
reason about derived concepts such as ‘let” expressions in a simple manner. o

Example 3.6 (commuting effects). If q; and ¢ act on disjoint sets of names, then their composites
q1=q» and q; = q; are always defined and are equal. This commutativity property allows us to
reorder computations without changing the overall effect. For example, the expressions

e; free x; freey and e; freey; free x

always have the same denotation and effect, showing that freeing names is commutative:

Tre | qg:w Tte | g:w
T're; freex || g=freex:w Tte; freey | g=freey:w
T +e; free x; freey || q=free x=freey:w T +e; freey; freex || q=free y=free x:w

As another example, let us revisit the following expressions from example 2.5:

ej+e and ey +e;
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During evaluation of both expressions, the subexpressions e; and e, are evaluated in the same
context I'. Concretely, the two expressions have the following derivations:

T'te U gi:m T're, | go:my T'te | go:my T'te U g1:m
T'rei+ey | qroqeing +ny IFres+er | gorqrinz+m

Whenever ¢, = ¢ and q; = q; are both defined, they are equal. Furthermore, as evaluation is determin-
istic up to allocation of names, and integers contain no names, commutativity of addition implies
that e; + e, and e, + e; must evaluate to the same result. Therefore, the two expressions behave
identically. As noted in example 2.5, this is difficult to show using the heap-based semantics. ¢

3.4 Ordering Effects

Our notion of effects can naturally be given a partial order < that respects the sequential composition
operation = in a suitable sense. This allows us to reason compositionally by considering bounds on
effects, even in cases where we do not know the exact effect that evaluating an expression will
have. Concretely, we give name effects a linear order by setting

1 < read < free

If an expression might free a name (free) or do nothing to the heap (1), an upper bound for both
cases is free. Similarly, if it might read from a name but might do nothing, an upper bound for the
effect in either case is read. If we have no information about what an expression might do to a
name, other than that the effect is valid, the loosest possible bound on the effect is free.

We write g; Ul ¢, for the least upper bound of name effects ¢; and ¢,, and extend < and LI to
effects in a pointwise manner. The ordering respects sequential composition in the sense that:

g=qi+q isdefined A ¢; <q1 = q=qo+q isdefined A g*q2+q¢ <q*q1+q

Because the validity of a computation is determined by whether its effect is defined, upper bounds

on effects can be used to conservatively estimate whether computations will be valid even when
the effect of an intermediate expression is not known exactly.

Example 3.7 (joining effects). Consider an expression of the following form:
if =x then ey else e;
Suppose we know that the subexpressions e; and e, evaluate as follows.
Tre | g1:wy Tre | g2:ws

If we do not know whether x is true or false in I', then we do not know the overall result of this
computation, but an upper bound for its effect in either case is read x = (¢; LI ¢2). Hence, we can use
this bound to reason about larger programs that include this form of conditional as a subcomponent
without resorting to case splitting on the truth value of x in T". o

These definitions make the set of effects into an effect quantale, a notion we will now define.

Definition 3.8 (effect quantale). An effect quantale [7] is a set E of effects, together with partial
binary operations LI and = and an identity element 1 € E, satisfying various laws:

e (E, L) is a partial join-semilattice;

o (E,= 1) is a partial monoid, which means that the identities a=1 = 1= a = a always hold, and

associativity a= (b =c) = (a = b) = ¢ holds when either side is defined;
(a=b)u(a=c)and

o Sequencing distributes over joins in both directions, so both a= (b Ll ¢)
(aub)=c = (a=c)U(b=c)hold whenever either side is defined.

It is easy to check that name effects, and therefore effects, form an effect quantale.
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3.5 Other Effect Systems

We used a particular partial monoid to track effects, but other choices are possible too. By way of
example, we present an alternative partial monoid based on ordinals, which allows us to capture
more information about the behaviour of computations. We begin by replacing the set of name
effects {1, read, free} with the collection of countable ordinals:

0,1,2,...,0,0+1L,0+2,...,0-2,0-2+1,...

In this setting, we view the ordinal 0 as representing the ‘do-nothing’ effect, finite ordinals 1,2, . . .
as corresponding to that number of reads, and the first infinite ordinal w as corresponding to freeing
a name. Ordinals above w are considered to be invalid effects.

Sequential composition is given by ordinal addition. For example, the ordinal equation 2 +3 = 5
means that ‘2 reads’ followed by ‘3 reads’ corresponds to ‘5 reads’. As n + w = w for any finite
ordinal n, the effect of reading from a name any number of times and then freeing it is equal to the
effect of simply freeing the name. However, as w + 1 > w, it is invalid to read from a name after
freeing it. Similarly, w + © = @ - 2 > w, so freeing a name twice is invalid. In this manner, ordinal
addition elegantly captures the notion of sequential composition for this form of effect.

Countable ordinals form an effect quantale where sequential composition is ordinal addition and
the join operator is given by a Ll § = max(«, f§). Therefore, total functions from names to countable
ordinals also form an effect quantale by pointwise definition, and we call such functions ordinal
effects. Incidentally, this provides a quick proof that our original set of effects {1, read, free} is an
effect quantale, as we can translate proofs from countable ordinals to name effects.

We now describe how our effectful semantics is modified to use ordinal effects. Judgements have
the form T+ e |© ¢:w, where g is an ordinal effect; we write the judgement relation as ||© to
distinguish it from the original effectful semantics. The modified E-READ and E-FREE rules are as
follows, where (x — «) is the ordinal effect mapping x to the ordinal « and all other names to 0:

Tre 1 g:(x — w) Tre 19 gr:w Tre, 19 g2:(x = w)

T+sxe || ge(x—>1):w T'+ey; freee, 1° Gioq(x— w):w

The resulting semantics is a generalisation of our original semantics. To formalise this, we define a
partial function from countable ordinals to name effects by:

1 ifa=0
E(x) = qread ifl<a<ow
free ifa=w

It is then a simple rule induction in both directions to prove the following, which makes precise
that if we ‘forget’ the number of reads then the ordinal semantics reduces to the original:

Trel g:w & @3¢.Tre 2 ¢ :w A Vx.E(q'(x)) = q(x))

Many familiar operations on ordinals correspond to transformations of effects. For example,
consider the operation w - (—) on countable ordinals. The only way for w - g to be valid is if ¢ is 0
or 1. This corresponds to a name that can be read at most once. We can use this to easily construct
a new semantics with affine names that can only be read at most once. Let A be a particular set of
names that we will call ‘affine’, and define aff(g) to be the ordinal effect given by:

_ Jo-qlx) ifxeA
() = {q(x) if x ¢ A
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Then:
Fre 9 g:w & Tre [# aff(q):w

where the nontrivial rules for T +e |4 g:w are given by:

Tre 1?4 q:(x— w) Tre |4 qi:w Tre, |4 go:(x—w)

Tt sxe |4 graff(x — 1):w T'+ey; freee, A qiqeaff(x > w):w
Indeed, because ordinal multiplication distributes over addition, we have the following identity:

aff(% " 6]2) = aff(éh) " aff(CIz)

This allows us to prove this equivalence by a simple rule induction in both directions.

Another common operation on ordinals is the natural or Hessenberg sum, written @. This is
another notion of ordinal addition which is commutative (and associative and has unit 0). It is
defined on ordinals at most w by the following equations:

ném=mo&n = n+m if n,m finite
ndw = wd®n = w+n if nfinite

Wwdw = wt+w

This corresponds to the parallel composition of effects. For example, reading from a name twice,
while in parallel reading from that name three times, yields five reads from that name in total. It is
not valid to read from a name and free it in parallel, since the behaviour of such a computation
depends on the order of execution. This corresponds to the factthat 1 @ w =w®1=w+1 > w.

In general, it can be shown that ¢ + f < a @ f and so f + o < o @ § by commutativity of @, and
hence the parallel composition of two effects is an upper bound for both possible orders of sequential
composition. In fact, for ordinals at most w, it is easy to show that a & f = max(a + §, § + @), so
it is the least upper bound of both orders of sequential composition. It is in this sense that the
analogy to parallel computation is made precise. This suggests a way to define a rule for a parallel
composition primitive, where @ is defined pointwise on ordinal effects:

Ttre JJO q1 w1 Fl—egﬂo Q2 s Wy F,xn—>w1,yb—>wzl—ello qs:w
E-PAr

Tr(etx=e ||y=erine) | (g1 @ q2)=qs = (free x @ free y) : w

This section demonstrates that variations to our effect-based semantics are easy to produce, and
they are sufficiently general to model a variety of problems.

4 Equivalence of the Semantics

In this section, we formally state the equivalence between the semantics of sections 2 and 3, and
discuss how we can transport useful results across the equivalence. The equivalence theorem itself
is proved in section 6, by making use of the clairvoyant semantics we define in section 5. Informally,
the theorem says that if an expression e evaluates in the heap semantics using a given heap H, then
the expression also evaluates in the effectful semantics with a particular context derived from H,
and vice versa. Moreover, when this holds, the two computations produce the same value. To make
this equivalence precise, we need to establish some conversions between the heaps and operational
values of section 2 and the contexts and denotational values of section 3.

First, we define a way to ‘forget’ the extra data held by a denotational value to convert it into an
operational value. This operation is written w — w, and is defined by the following equations:

(x—w) = x Mx.e = Ax.e n=n
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Next, we recall the translation from heaps to contexts defined in section 3.1. We defined a way to
translate a heap H into a context tr(H), using the following coinductive rules:

H(x) =1y tr(H)(y) = w H(x) = Ay.e H(x)=n
tr(H)(x) = (y — w) tr(H)(x) = Ay e tr(H)(x) = n

For example, consider the heap
H = {x— (At.e),y — x,z > t}
This has translation tr(H) = T given by
I(x) = Alt.e I(y) = (xr— At.e)

Note that I'(z) is undefined because H(z) = t is a dangling pointer: it is a name not in the domain

of H. In general, we will say that a heap H is closed if whenever H(x) is defined, the free variables

of H(x) are contained in the domain of H. This should be viewed as a well-formedness constraint

on heaps, ensuring that translations to contexts are faithful. It is easy to expand any heap H into a

closed heap H' 2 H, for example by setting H'(t) = t whenever t is a free variable of some H(x).
Using the above, we can now state the equivalence theorem:

THEOREM 4.1 (EQUIVALENCE OF SEMANTICS). Suppose [ is a closed heap containing all free variables
of the expression e in its domain. Then we have the equivalence

(3H'.H:e | H :v) & (Fwqgw=v A tr(H)re | qg:w)
where the same sequence of fresh names was chosen by each semantics.

This theorem states that e evaluates in the heap-based semantics using initial heap H if and only
if it evaluates in the effect-based semantics using context tr(H). Moreover, when this holds, the two
computations produce the same value: if the operational value produced by the heap semantics is v
and the denotational value produced by the effect semantics is w, then v = w.

We will prove this theorem in section 6. In the remainder of this section, we explore some
examples to show different ways that this theorem can be used. In particular, we will demonstrate
that it is easier to reason about various program transformations in the effectful semantics, but
that we can use the equivalence theorem to transfer results to the heap semantics. We will assume
without comment that relevant heaps satisfy the hypotheses of the equivalence theorem.

Example 4.2 (commuting effects, revisited). In example 3.6, we exploited compositionality to show
that if e; + e, and e; + e; both evaluate in some context T, then they both evaluate to the same
result. We would like to prove the same about the heap semantics, but this would be difficult to
do directly because the derivations in this semantics for e; + e; and e; + e; may look completely
different. Instead, we will make use of our equivalence theorem. Suppose that

Hi:ej+e | Hy:v Hi:es+e | Hy:0'
By theorem 4.1, we obtain
tr(Hi)Fep+ey | g:w tr(H) ey +e | g :w'
where W = v and w’ = v’. But by example 3.6, we know that w = w’, so v = v’ o

Example 4.3 (common subexpression elimination). Consider the expression e + e, which evaluates
the expression e twice. We may want to transform this expression into let x = e in *x + *x, which
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would only evaluate e once. Suppose that we attempt to prove the validity of the transformation in
the heap semantics by computing the following derivations:

leeUHQ:nl Hzie.U.Hnglz leeUH2:n1

Hi:e+e | H3:ny+ny Hi:letx=einxx+=*x || Hy:ny+n

In this semantics, we would need to prove that n; = n, to show that the transformation is valid.
This is nontrivial because in general H, might be very different to H;. We would also need to check
that the remainder of the program that follows the evaluation of e + e can be executed starting
with H, and not Hs, which would require us to reason in detail about the changes on the heap
that could be caused by evaluating e for a second time. Showing that the transformation is valid is
significantly easier in the effect semantics, in which we have the following derivations:

I'rtel g:n Trel g :n T'tel g:n

Tre+e ] g=q :n+n Trletx=einxx+*x || gefreex:n+n

Due to the compositional nature of the effect semantics, both evaluations of e occur within the
same context I', and so must produce the same effect and value up to changing names. This uses the
fact that evaluation (in both semantics) is deterministic up to name allocation. Since n is an integer,
it contains no names, and thus is equal to n’. This shows that both e + e and let x = e in *x + *x
must produce the same value. Moreover, in this semantics it is easy to show that it is always valid
to replace the former with the latter inside any complicated expression. Indeed, as x is fresh,

q1*(q=q)=qs isdefined = q;=(g=free x) =g, is defined

where ¢; and ¢, encode the effect of the surrounding parts of the expression. Therefore, by making
use of our equivalence theorem, the same is true of the heap semantics: the expression e + e can be
replaced with let x = e in *x + *x without changing the behaviour of an overall program. o

Example 4.4 (dead code elimination). Consider the expression
letx =€ iney
where x does not appear free in e,. We want to show that
(Hi:(letx=ejiney) | Hy:v) = (3H,. Hy:e; | H,:v)

under the assumption that the free variables of e; and e, are in the domain of the closed heap H;.
This is difficult to show in the heap semantics alone, because the heap used to evaluate e, on the
left-hand side is not H;, and depends on the way that e; interacts with the heap. However, by
translating to the effectful semantics, we are able to entirely ignore the behaviour of e;. Indeed, by
theorem 4.1, we obtain w and ¢ such that w = v and

tr(H))F(letx =ejiney) | q:w
Analysing the proof tree, we obtain
tr(Hy)Fer | ¢1:w1 tr(Hy),x — witex | go:w

As the name x does not appear free in the expression e;, we can eliminate it from the context in the
derivation for e,. More precisely, we can show by a simple rule induction in the effectful semantics
that there exists w’ with w’ = w = v such that

tr(H)rex | go:w'
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Note that it might be the case that w # w’; this can happen if w and w’ contain closures, because
the context may or may not contain the binding x +— wj. Then, applying theorem 4.1 in the reverse
direction, we obtain the heap derivation for e; as required.

JH,. Hi:e; | Hj:v
The initial heap for this derivation is Hj, not an intermediate heap obtained after evaluating e;. o

5 Clairvoyant Semantics

The main reason the two semantics of sections 2 and 3 are difficult to compare is because of their
differing viewpoints on the region in which a name is considered to be bound to a value. In the
heap semantics, bindings to names are created and destroyed sequentially, whereas in the effectful
semantics, a name can be bound to a value in a context only in a subtree of a derivation.

To reconcile these notions, we use the idea of a clairvoyant heap. Rather than updating as a
computation proceeds, a clairvoyant heap can ‘see the future’, and has already stored every binding
that will be made. For instance, the clairvoyant application rule has the following rough shape:

C:e; || Ax.e C:e; | C(x) C:el v
C:erep | v

This rule asserts that the result of evaluating e; has already been bound to the name x in C. This
means that we can use the same clairvoyant heap C when evaluating the body of the abstraction.
In general, the same clairvoyant heap will be used for evaluating all parts of an expression.

The idea to create a semantics that can ‘see the future’ is inspired by the clairvoyant semantics of
Hackett and Hutton [10], in which lazy evaluation is modelled by non-deterministically choosing
whether to evaluate an expression or not. In both their paper and ours, the semantics are given
some knowledge about future computations to make them easier to reason about.

Our proof strategy is to define a new semantics using clairvoyant heaps, and then show it is
equivalent to both the heap semantics and the effectful semantics. For this to be true, our clairvoyant
semantics needs to track some kind of extra data in order to correctly determine when computations
should fail. In this setting, this simply means tracking the list of instructions that the computation
would perform on a heap if it were to be evaluated using the heap semantics.

Definition 5.1. A heap transformation is a list of instructions of one of the following forms:
X =0 rd x fr x
Heap transformations form a monoid; the concatenation of lists ¢; and ¢, is written #; © ;.

Heap transformations can be thought of in two ways. First of all, a heap transformation can
be viewed as a partial function from heaps to heaps. To describe this, we associate such a partial
function to each individual instruction as follows:

e x = v corresponds to the partial function given by H + (H, x + v), where x is not in the
domain of H;

e rd x corresponds to the partial function that is the identity on heaps that contain x in their
domain, and undefined elsewhere;

e fr x corresponds to the partial function that removes the entry with name x from the heap if
present, and undefined elsewhere.

Then, the partial function associated to a heap transformation (14, . .., t,] is their composition:

[t .. tnl(H) = tp(---t;(H)--+)
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— O /¥ C-Lam
C:x | []:x C:Ax.e || []:Ax.e
C:e1 || t1:Ax.e C:e, || 1,:C(x) C:e| 13:v
C-Arpr
C:ejey | hhotyo|lx=Cx)|otz:v
C:el t:x Cieg | t1:v C:ey || 1r:x
C-ReaDp C-FRrEE
C:xe | to|rdx]:C(x) C:ey; freee; | iotyolfrx]:v
C:ier | t1:my C:ey || t:ny
——  C-InT C-ApD
C:nl []:n Ciei+e | tioty:ng+ny

Fig. 3. Clairvoyant semantics

Alternatively, a heap transformation ¢ can be thought of as a refinement of the data in an effect q.
We define an operation to convert a heap transformation into an effect, written ¢ + 7. Individual
instructions are translated according to:

x=v =1 rd x = read x frx = freex
and the translation of a list of instructions is given by:
[tls"'vth = E""'t_n

This operation is partial in general, but if 7; ¢ #, is defined, then so are 7; and %,. These two
descriptions of heap transformations demonstrate how they subsume the notions of effect tracking
used by both the heap-based and effect-based semantics.

We can now present our clairvoyant semantics. Judgements are of the form C:e || t:v, where C
is a heap (named using the letter C to emphasise its interpretation as a clairvoyant heap), and 7 is a
heap transformation. All the rules are summarised in fig. 3.

Example 5.2 (using variables). Consider the following expression:
e = (Ax.(x+1))3

A derivation in the clairvoyant semantics begins as follows.

C:(Ax.(x+1) | []:(Ax.(x + 1)) C:3 | []:C(x)
C:el ?7:7

In particular, we need to derive C:3 || []: C(x), which means that C(x) must already be assigned
the value 3. This example shows how the clairvoyant semantics forces us to know the values of
variables from the future in order to begin a derivation. o

6 Proving the Equivalence

In this section, we prove the equivalence theorem from section 4. The strategy for our proof is
to show that the semantics of sections 2 and 3 are both equivalent to the clairvoyant semantics
presented in section 5. The main idea is that the clairvoyant semantics provides a kind of upper bound
for the heap-based and effect-based approaches. We show in this section that heap-based derivations
and effect-based derivations can be transformed into clairvoyant derivations, by constructing a
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clairvoyant heap that uses all of the variable bindings from the entire derivation. Conversely, if we
have a clairvoyant derivation, we can use the data contained in its heap transformation to produce
both heap-based and effect-based derivations for the same expression. We have now described all
of the technical ideas for our equivalence proof. The remainder of this section spells out the details
for readers who are interested in the technicalities of the proof.

6.1 Handling Fresh Names

To present the complete proof, we first adjust our semantics to make the allocation of fresh names
precise, allowing us to state our equivalence theorem more formally.

There are various approaches to handling fresh name generation. One approach is to augment the
semantics with a name supply list, in which a list of fresh names is threaded through each judgement.
To generate a fresh name in an inference rule, the first element of the list can be removed, passing
the tail of the list to later derivations. An alternative approach is to augment each judgement with a
single finite set to track which fresh names it created [25]. When multiple judgements are combined
in an inference rule, we typically assume the sets of fresh names contained in the hypotheses are
disjoint, and take their union to find the set of fresh names created by the derived judgement.

We have chosen a variant of the latter approach for our semantics in order to minimise the
amount of threading. Instead of a finite set of names, we use a list to emphasise the sequential
nature of computation. Lists of names are written /, and list concatenation is written <. In order to
simplify the presentation of our inference rules, we do not add a disjointness condition into each
rule; rather, we typically assume that the name lists in completed judgements contain no duplicate
names. Judgements in the heap semantics are now written H; : e || (I) H; : v, and judgements in
the effectful semantics are now written T'+-e || (/) g : w. For instance, the heap judgement can now
be read as ‘we can evaluate expression e in initial heap H;, using the sequence of fresh names /, to
obtain the value v in final heap H,’. To illustrate the idea, the APP rule is now written as:

H1 e U (ll)HZ:/lx.e H23€2 .U, (l2)H3:U (H3,X'—>U)Z€ .U, (lj;)H4I’U,
Hi:eres | (Lolyo|x]|ol3) Hy:0'

This rule states that the fresh names needed to evaluate e; e; are those created by evaluating e,
then those created by evaluating e;, then a new name x for the bound variable, then the names
created by evaluating the body of the abstraction. The full list of rules is given in fig. 4.

When we say that a name x is fresh for an object, we mean that it does not occur free in that
object. To use this definition with denotational values, heaps and contexts, we need to define what
it means for a name to appear free in these objects. The names appearing free in a heap H are the
names in its domain, as well as the names that appear free in any values H(x). We define whether
a name x appears free in a context or denotational value inductively, using the following rules:

o If x appears free in w, or if x = y, then x appears free in (y — w);

e If x appears free in T, or if x # y and x appears free in e, then x appears free in A'y. e;

e If x is in the domain of T or appears free in any I'(y), then x appears free in T
Unlike an informal description of freshness, this is a well-defined predicate, and has no dependence
on a global name state. For convenience, we allow ourselves to say that a list of names [ is fresh
for an object if each of its elements is fresh for that object. The idea of an object being ‘fresh for’

another arbitrary object is explored further in the study of nominal sets [24].
We can now restate our equivalence theorem more precisely:
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THEOREM 6.1 (EQUIVALENCE OF SEMANTICS). Let [ be a list of names without duplicates, fresh for
H and e. Suppose additionally that H is closed and contains all free variables of e. Then:

3H'.H:e | ()H :1v) & (FBwqg.w=v A tr(H)re | ([)g:w)

6.2 Equivalence of Clairvoyant and Heap Semantics

In this section, we prove that every derivation in the heap semantics can be converted to one in the
clairvoyant semantics, and vice versa. This proof makes use of the fact that heap transformations ¢
can be treated as partial functions on heaps, allowing us to exactly determine what the final heap
of a computation is. We will first prove some useful lemmas.

LEMMA 6.2 (HEAP IMMUTABILITY). Suppose that Hy :e || (I) H, : v in the heap semantics, where |
has no duplicates and is disjoint from dom H;. Then in all heaps occurring in the derivation tree for
Hy:e || (1) H, : v, each variable x is bound to at most one value v’.

This lemma is a more precise statement of example 2.4.

Proor. A straightforward rule induction: the only way to add a binding into a heap is for the
variable to be named in the list /, but since / has no duplicates and is disjoint from the domain of H;,
each such name can be bound at most once. ]

We now give the key preservation property that makes the induction in one direction work.
LEmMA 6.3. IfC:e || () t:v, and H C C is such that t(H) is defined, then also t(H) C C.

Proor. The instructions in the heap transformation ¢ have the form x = v, rd x, or fr x. By
inspection of the rules for the clairvoyant semantics, the only bindings x := v contained in ¢ must
be of the form x := C(x). Therefore, applying any such instruction to a subheap of C yields another
subheap of C. Finally, the rd x and fr x instructions do not disrupt this property, as required. O

PROPOSITION 6.4 (EQUIVALENCE OF CLAIRVOYANT AND HEAP SEMANTICS). Let [ be a list of names
with no duplicates, fresh for H; and e. Then we have the following equivalence:

Hi:e U, (Z)HZ:U (== (ECQlelt t(Hl)ZHZ AC:e .U (l)til})

Proor. In the forward direction, suppose that H; : e || (I) H, : v. Let C be the union of all heaps
occurring in this derivation tree. By heap immutability (lemma 6.2), each name is assigned to at
most one value, and as there are only finitely many such names, C is a heap.

It is then easy to show by rule induction that for any heap derivation H; : e || (I) H; : v, if the
clairvoyant heap C is a superset of all heaps occurring in the derivation tree, then there exists a
heap transformation t such that C:e || (/) t : v and #(H;) = H,. This weakening of the statement
is necessary in order to invoke the inductive hypothesis. To show the inductive step, the only
nontriviality is to observe that as C contains all heaps occurring in the derivation tree, whenever a
binding (x — v) appears in the heap derivation, we know that C(x) = v.

Conversely, in the backward direction, suppose that C:e || (/) ¢ : v, that C 2 Hy, and that #(H;)
is defined. We show by rule induction that under these assumptions, we have H; : e |} (/) t(H2) : v.
Lemma 6.3 is the key preservation property that allows us to apply the inductive hypothesis, and
the remainder of the proof is purely mechanical. O

6.3 Equivalence of Clairvoyant and Effectful Semantics

In this section, we show that derivations in the effectful semantics correspond to derivations in
the clairvoyant semantics. To help with our proof in the previous section, we used a clairvoyant
heap as an upper bound for all heaps that appeared in a derivation. In order to apply the same idea
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to the effectful semantics, we need to define an ordering on contexts. We define relations < on
denotational values and contexts corecursively as follows:

e I} < I} if, whenever I (x) is defined, so is I}(x), and in this case, I} (x) < I(x);
o Mlx.e < A2x.e whenever I < I};

e (x — wy) < (x — wy) whenever w; < wy;

en<n.

The fact that our definition is corecursive essentially means that a derivation tree used to prove
I < T, or w; < ws is allowed to be infinite. Now, we call a context I' small if T’ < tr(H) for some
heap H. This is a kind of finiteness condition on contexts: even though a context may be an infinite
structure, its behaviour can be imitated by a finite heap. Using this notion, we can state a kind of
immutability result for contexts analogously to lemma 6.2:

LEMMA 6.5 (CONTEXT IMMUTABILITY). Suppose thatT'+e || (I) q:w, wherel has no duplicates and
is fresh forT', and T is small. Then there is a heap C such that whenever a mapping (x — w) occurs
anywhere in the given derivation tree, we have C(x) = w.

By a mapping (x — w) ‘occurring’, we mean there is a context I"” in the derivation tree such that
I'"(x) = w, or that the denotational value (x - w) arises in the derivation, even inside a context or
another denotational value. In particular, the conclusion of the lemma implies that ' < tr(C).

Proor. We define C by the given property: if (x — w) occurs anywhere, we define C(x) = w,
and otherwise C(x) is undefined. It remains to check that C is a well-defined function and that its
domain is finite. Suppose that the mappings (x — w) and (x — w’) both appear in the derivation
tree. As T is small and [ is fresh for it, we have T' < tr(H) for some H with domain disjoint from /.
Then, there are two cases: either x € dom H or x € [.

If x € dom H, then it is easy to see that w = w’ = H(x). If x € I, then the two bindings were
introduced in a branch of the derivation tree rooted at an application rule introducing the name x,
and since [ has no duplicates, these two roots coincide. So w = W,

Therefore, C is well-defined. Finally, as the only names that can be domain elements of C are
either in dom H or [, the function C has finite domain as required. O

PROPOSITION 6.6 (EQUIVALENCE OF CLAIRVOYANT AND EFFECTFUL SEMANTICS). Suppose that T
is a small context defined on the free variables of e, and that the contexts T’ in every closure AU x. e’
appearing in T are defined on the free variables of e’ other than x. Suppose further that | is a list of
names without duplicates, fresh forT' and e. Then we have the following equivalence:

@w.w=v ATre | ()g:w) &= @Ct.T<tr(C) At=qg A C:el (D)t:v)

Proor. In the forward direction, suppose that ' e || (I) ¢ : w. Setting C to be a clairvoyant
heap given by lemma 6.5, the right-hand side follows directly by rule induction.

In the backward direction, suppose that C:e || (I) t : v, where T < tr(C) and t = q. For this
direction, we prove by rule induction that '-e |} (/) g: w for some w with w = v. Throughout this
induction, we maintain the invariant that whenever a binding (x — w) occurs, we have C(x) = w.
Additionally, we ensure throughout this induction that every closure A" x. e’ that appears has
the property that I'” is defined on the free variables of e’ other than x. We show the case for the
application rule here; the cases for the other rules are trivial.

C:er | () ti:Ax.e C:ey || (L) ty:C(x) C:e | (h)t;:v
Ciereg | (hoholx]ol)tynty=(x:=C(x))=t3:v

-Aprp
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First, as I is defined on the free variables of e; and e,, we can use the inductive hypothesis to obtain
the following judgements, where w = C(x):

Tre; | ()7 : A x.e Trey | ()t :w

Now, we know by our invariant and inductive hypothesis that I, x — w < tr(C). This new context
is defined on the free variables of e, so we may apply the inductive hypothesis again to yield

I'x—>wre | () 13:w
where w’ = v, as required. O

6.4 Completing the Proof

We now have all of the tools needed to prove the equivalence theorem.

THEOREM 6.1 (EQUIVALENCE OF SEMANTICS). Let [ be a list of names without duplicates, fresh for
H and e. Suppose additionally that H is closed and contains all free variables of e. Then:

3H.H:e | ()H :v) = (Fwg.w=v A tr(H)re | (I)g:w)

Proor. By assumption, H satisfies the hypotheses for proposition 6.4. Additionally, tr(H) satisfies
the hypotheses for proposition 6.6 as H is closed and contains the free variables of e in its domain.
Therefore, we can apply propositions 6.4 and 6.6 to reduce the required result to

(3C 2 H, At. t(H) is defined A C:e || (I) t:0)
& (3C. tr(H) < tr(C) A 3t. 1 is defined AC:el| (I)t:v)

Since H is closed, we have C 2 H <= tr(H) < tr(C). It therefore suffices to show that in this
case, whenever C:e || ()t :v,

t(H) is defined <= 7 is defined

In the forward direction, as /(H) is defined, it must contain no instance of a use of a name after it is
freed, so 7 must be defined. Conversely, if 7 is defined, there is no use after free of any name. Due
to our freshness conditions, all assignments appearing in ¢ are distinct and fresh for H, and any
uses of variables not in dom H always occur after their assignment. Therefore, #(H) is defined. O

7 Related Work

In this section we survey a selection of related work on explicit operations, first-class names,
immutable references, memory management, and effect structures.

Explicit operations in lambda calculi. In explicit naming, we move the action of reading from a
name from the metatheory into the language itself. The idea of moving metatheoretic operations
into the object language is not new. A key example is explicit substitutions [1], in which the
substitutions generated by the f-rule in a lambda calculus are carried out explicitly in evaluation
steps, rather than all at once in the metatheory. Similarly, sharing is made explicit in the atomic
lambda calculus [9] by providing a new kind of expression that binds the same term to multiple
names. In both of these examples, a key goal is to bridge the gap between the theory of the lambda
calculus, and its practical implementation in functional languages.
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Heap-based semantics

H:x | () H:x H:Ax.e | ([]) H: Ax.e

H12€1 .U, (ll)ngﬂx.e H2:€2 .U, (lz)Hg:U (Hg,,XI—)Z))Ze .U, (lg)H4:U/
Hi:eres | (hiolyo[x]ols) Hy:0'

leeﬂ(l)(Hz,XHv):x Hl:elll(ll)HZ:v Hziezu(lz)(Hg,XI’—)U/)ix

Hy:xe | (I) (Hy,x > v):v Hi:eq; freee; || (lioly) Hy:v

Hicep | () Hyim Hy:ep | (I) Hs:np
HTIU,(U)HT’I H12€1+€2U(11012)H31n1+n2

Effect-based semantics

I'x)=w x ¢ domT
Trx | ([D1:(x—w) Trix.e | ([D1:ATx.e

I'te | (L) qlz/lr'x.e Trey | () gz:w T, x—wyre ] (I5)qs:w
Treies | (hobo[x]ols)qingzngs:w

Tre |l ()g:(x—w) Trer | (L) qr:w Trey | (I) go:(x—=w)
IFrxe || (I)g=readx:w Treg; freeep | (I1o) qregy=freex:w

Frer J (L) giim Trey | (I2) goimy
Tern | ([)1:n Trei+e | (hol)gi=qs:ng+ny

Clairvoyant semantics

C:x | ([D]]:x C:Ax.e | ([ []:Ax.e

Cier | () ti:Ax.e Ciex | (1) 12:C(x) Cie |l ()10
C:erey | (ioholx]ol)tiool|x:=Clx)]otsz:v

C:e | (Dt:x C:er | (h)ti:v C:es | (L) tr:x
C:xe | () to[rdx]:C(x) C:ep; freeey | (Lol tiotolfrx]:o

C:elﬂ(ll)tlznl Cié‘z“,(lg)tz:flg
C:nl| []:n C:er+e | (hoh)tyoty:ng+ny

Fig. 4. Semantics with name tracking
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Names as first-class citizens. The r-calculus [21] is a process calculus in which names for channels
are first-class citizens. These names can be allocated dynamically, similarly to explicit names, but
there is no explicit name freeing operator, which is the main challenge in our setting. The v-
calculus [25] is another language in this area, dividing its names into both A-bound variables
and a notion of v-bound local names. In this calculus, a name is an opaque object that can be
compared for equality, and nothing else. Similarly to explicit naming, names are first-class citizens
and evaluate to themselves. In contrast, however, names in the v-calculus hold no information other
than their identity; operationally, names behave as pointers to the unit type, and can be compared
for pointer equality. Another similar system is the Av-calculus [22]. This has similar syntax to the
v-calculus, but its semantics aims to more closely resemble the usual A-calculus, as opposed to the
operational behaviour of dynamic name allocation. First-class names have also seen practical use in
FreshML [26]. In this system, names are a user-defined type, and the language provides the ability
to define binding operations over names. These systems are discussed in more detail in [24].

Immutable shared references. Our proof that the heap-based semantics is equivalent to the com-
positional effect-based semantics crucially relies on shared references being immutable. This
assumption naturally holds for pure functional languages like Haskell, where every value is im-
mutable (outside of a stateful monad such as I0). However, it is also a common theme in semantics
research even for imperative languages, since it allows for powerful invariants on the memory
accessible by a program. Examples of this theme include [12, 23, 29], which collectively aim to
introduce reference immutability into object-oriented languages such as Java. In one application [8],
immutable references are exploited to provide abstractions for safe parallelism in the presence
of aliasing. Immutability of shared references is a core part of the type system of Rust [15, 20],
where it is framed as aliasing xor mutability. The invariants obtained under this restriction can be
used to prove soundness and safety properties of programs written in Rust. Formal developments
surrounding the Rust language specifically include the RustBelt project [13] and Oxide [31].

Memory management. Research on memory management systems has a long history. One main
development motivating our ideas is region-based memory management [27, 28]. In this system, all
allocations are placed into a region defined by a scope, and at the end of such a scope, all allocations
in this region are freed. Our ‘e;; free e;” operation can be thought of as a variant of this, disposing
of a single name at the end of the scope of e;. The capability calculus [5] is a variant of this idea
that tracks what regions are used while evaluating a certain expression. A type-correct expression
in this system never accesses a region that has already been freed. Islands [11] are another related
idea, which can be used to provide non-aliasing guarantees for particular objects.

Type-based approaches to memory management. Type systems play an important rule in modern
approaches to memory management semantics. We were inspired by the following work in this area,
although our work takes place in an untyped setting. Uniqueness types [3] and ownership types [4]
are methods of aliasing protection that have been used in languages like Rust to enable predictable
behaviour of memory. A graded extension of uniqueness types, called fractional uniqueness types,
have been used to encode ownership and borrowing in the functional language Granule [19]. An
ownership-like system can also be modelled using reachability types [2, 30], using an effect system
to determine which objects are reachable from which others. Their main technical tool is kil effects,
which disable future accesses to a value, analogously to our name freeing construct. In fact, their
effect labels with kill can be viewed as a variant of our name effects from section 3.2.

Effect structures. Many of the approaches to memory management discussed above use effect
systems to track validity of computations, which were first introduced in [6, 18]. Effect systems can
often be characterised as an instance of a general algebraic structure, such as an effect quantale [7].
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This was the notion of effect structure that we chose to work with in this paper due to its ability to
represent noncommutative effects without much complexity. There are several other alternatives
that have been proposed for noncommutative effects, such as Kleene algebras [16]. In such a system,
the additive unit 0 corresponds to an invalid effect, and the operators are total; conversely, with
effect quantales, there is no designated undefined effect but the join and sequencing operators LI
and = may be partial. Another notable example of such an algebraic structure is that of preordered
monoids [14], which is a preorder with a monotone monoid operation representing sequential
composition. These can be considered a generalisation of both effect quantales and Kleene algebras,
where neither joins of effects nor repetition of an effect is defined in general.

8 Conclusions and Future Work

We have introduced a system of explicit naming in which names are first-class citizens, and are
manipulated using explicit operations for creating, using and freeing names. The traditional heap-
threading semantics is not compositional, but is equivalent to an effect-based semantics that is
compositional at the level of heaps, and is better suited for reasoning about program behaviour.
For example, we were able to show easily that dead code elimination is a valid code transformation
for the heap semantics, by using the equivalence to translate the problem into the effect semantics.

Our equivalence proof makes use of an intermediate ‘clairvoyant’ semantics, which does not
correspond to a real evaluation strategy, but can naturally express the behaviour of both the
heap-based and effect-based approaches. This allowed us to avoid comparing the two semantics
directly, which was a significant technical convenience. More generally, we hope that a clairvoyant
approach can provide a useful ‘bridge’ between imperative and functional perspectives in other
areas of study, and that our article helps to shine a light on this technique.

This work suggests a number of possible directions of future study. First of all, it would be
interesting to generalise our effect system to allow other effects, such as exceptions or mutability.
The latter presents a particular challenge as immutability is central to our compositional semantics.
However, explicit naming is compatible with restricted forms of mutability such as local mutability
or uniqueness types, which may provide a suitable first step towards investigating this.

We could also consider a feature for ‘masking’ externally unobservable effects [18], such as
using a local name that is inaccessible to the rest of a program. We also note that heap-threading
evaluation can be viewed monadically using the state monad on heaps, whereas effect-based
evaluation can be viewed as a map using a composite of a reader and a writer monad: the context
used for evaluation forms the reader part, and the effect produced by an expression forms the
writer part. In light of this, our equivalence theorem can be viewed as describing a translation of a
program from the state monad to a reader-writer monad, and it would be interesting to investigate
whether this kind of factorisation can be carried out in other settings.

And finally, we are interested in developing type systems for explicit naming in which type-
correct programs are guaranteed to never attempt to read from a freed name, because this would
allow us to better understand type systems for safe memory management.
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