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Abstract

LFPL is a functional language for non-size increasing computation with an opera-
tional semantics that allows in-place update. The semantics is correct for all well-typed
programs thanks to linear restrictions on the typing. Nevertheless, the linear typing is
very strict and rejects many correct, natural in-place update algorithms.

We investigate a general approach to easing the tight linear restrictions of LFPL by
generalising the static analysis used by Aspinall and Hofmann in [Aspinall & Hofmann
2002]. It consists in devising new type systems for the core language of LFPL whose
judgements express sets of rely-guarantee pairs with assertions about the operational
semantics, namely about the heap representation of the arguments and the result. The
method can be applied to other functional languages with heap based operational seman-
tics.

As an example and application of the approach we reformulate the language of [Aspinall
& Hofmann 2002] from this perspective and prove the correctness of some of its crucial
typing rules, show its type inference algorithm and the existence of principal types rela-
tive to the simple LFPL typing. We refer to other languages based on LFPL which fit into
the approach.

1 Introduction

First order LFPL [Hofmann 2000] is an example of a functional programming language
which has a straightforward compositional denotational semantics and at the same time
can be evaluated imperatively without dynamic memory allocation. The higher order ver-
sion of this language is interesting also because it captures non-size increasing polynomial
time/space computation with primitive/full recursion [Hofmann 2002]. We focus on the
tirst order version of LFPL in this report.

For example, in LFPL we can write the following program to append two lists of elements
of type A:

append , (x,y) = match x with nily = y
| consa(h, t,d) = consa(h,append ,(t,y), d)
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In the denotational semantics of the program, the argument d of cons is (virtually) ignored
in both cases and thus the semantics is list concatenation as expected. Nevertheless, the
operational semantics will append the lists in-place, rewriting the first list’s last cons-cell if
the list is not empty. (The other cons-cells of the first list would be overwritten with the same
content). The third argument of cons corresponds to the heap address of the cons-cell in the
operational semantics.

This evaluation strategy can go wrong easily, for example for append , (x, x) with a non-empty
list x. Such terms might fail to evaluate or evaluate with incorrect results. We will call
a term operationally correct (OC) if it evaluates in harmony with its denotational semantics
independently of the values of its free variables and how they are represented on the heap.

We also need a finer notion of operational correctness relative to some extra condition on
the representation of the arguments on the heap. For example, we would like to declare
append , (x,y) correct under certain condition on how lists x and y are represented. A suffi-
cient condition for append , (x,y) being OC is that the heap region occupied by x is separated
(disjoint) from the region of y.

Apart from stating conditions for correctness, we need to mark certain guarantees about the
heap representation of the result and the change of heap during the evaluation. For example,
append , (x,y) preserves the value of y and this might be crucial to show correctness of a
bigger term of which this is a subterm.

LFPL (Linear Function Programming Language) uses linearity to achieve operational cor-
rectness of its terms. This means that in LFPL a variable cannot be used twice unless the
occurrences are in the two components of a cartesian product or in the two branches of
an if-then-else statement. In addition to this restriction, LFPL maintains the invariant that
different variables refer to disjoint regions on the heap.

The language from [Aspinall & Hofmann 2002] (which we will call UAPL) relaxes the linear-
ity of LFPL by adding an integer i € {1, 2, 3} (called usage aspect) to every variable in a typ-
ing context (x :* A). The aspects indicate whether a variable’s content on the heap might be
destroyed or has to be preserved during evaluation and also, in case it is preserved, whether
the content of the variable may share with the result or has to be separated from it. This idea
is similar to that of use types in linear logic [Guzman & Hudak 1990] and also to passivity
[O’Hearn et al. 1999] within syntactic control of interference [Reynolds 1978, Reynolds 1989].

It turned out that it was apparently rather hard to prove the correctness of the typing rules
given in [Aspinall & Hofmann 2002]. The paper contains only an outline of a correctness
proof. The details were provided by the present author. In this process, more insight into
the UAPL typing has been attained via a precise interpretation of the usage aspects as ex-
pressing certain conditions and guarantees (i.e. pre- and post-conditions). This development
including a part of the correctness proof is contained in Sect.

Another contribution of this section is a simple iterative algorithm deciding for a simply
typed program whether it can be correctly annotated with usage aspects (UAPL type-checking)
and if so, inferring its strongest correct usage aspects. In particular, every given plainly
typed program either has a strongest correct UAPL annotation or has none.

Before defining and studying UAPL, we present the approach in an abstract setting in Sect.
After UAPL we refer to two of its extensions in Sect. 4l



2 Rely-Guarantees about Heap Representation

Before we formalise the main ideas, we fix some notation concerning an unspecified furnc-
tional typed language L, following [Aspinall & Hofmann 2002]. In Sect. we will instantiate
L as well as all the concepts below with the example of UAPL.

Let e range over the expressions and A over the types of L and assume some typing rules
that define valid typing judgements of the form ' - e : A where I' = x; : A;,... Xy A, is
called a typing context. A pair I A is called a (term) signature.

A program P over L is a map from a finite set of function symbols to typing judgements
that capture the signature and definition of each symbol. The expressions of L within a well-
typed program may contain calls to the functions of P including recursive calls. A tuple of
expressions is given as arguments to a function symbol in accordance with its signature.

Let a denotational semantics [A] for each type A be given. Also let a denotation of programs
[P] and terms [e] with a valuation 1) of variables (including the ones that are free in e)
be defined by a least fixed point as usual.

Lastly, assume that an imperative operational semantics is defined as a 5-ary relation S, o
e ~ v, 0’ where

e 0,0 Loc — HVal are heaps,

S: Var — SVal is an environment,

e Locis a set of heap locations (ranged over by {) and
e SVal is a set of stack values (e.g. numerals, tuples) ranged over by v, Loc C SVal,
e [HValis a set of heap values h (e.g. cons cells) which contain SVal values

e Var is the set of variables of L.

The intuitive meaning of the above relation is: with the environment S and the heap o the
term e evaluates to v and changes the heap to 0.

A basic operational value v may refer to a heap o and together with the heap represent
a denotational value a € [A], e.g. a list or a tree. This relationship is formalised by the
relation v -} a and extended to tuples by the relation S |- 1.

2.1 General CG-Systems

Definition 2.1. A conditions and guarantees (CG-) system C§ for the language L is a mapping
which assigns to each signature I, A a pair of sets Condeg(I") and Guareg(A, I') whose elements are
of the following form:

o C € Condeg(I")—a subset (understood as a predicate) of {(S, o) | (M) (S IFE )}
(Le. a pre-condition on the heap representation of the arquments.)



o G € Guareg(A, I')—a subset of{(v, 0’,S,0) ‘ (Fa,m)(vIFS aAS \F,‘fn)}
(Le. a post-condition on the heap representation of the result and its relationship to the repre-
sentation of the arguments.)

We will write S, o I- Candv,0',S,0l- G for (S,0) € Cand (v,0',S, o) € G, respectively.
A pair (C,G) € Condeg(I') x Guareg(A,T') is called a CG-pair for I A.

The sets of predicates Condeg(I") and Guareg(l; A) will be usually considered in the context
of an evaluation S, o - e ~» v, 0/ where the term e satisfies I' - e : A. The predicates are then
applied on the heaps and values from the evaluation relation.

Definition 2.2. A typing judgement I' - e : A annotated by a CG-pair C, G for Il A (written as
CHe:A;G)is OCif

whenever S, o = e ~» v, o’ with S |- nand S,o |- C

then v IFS [e], (pyand v, 0", S, 0 IF G.

The correct evaluation of e relies on the precondition C which typically is separation be-
tween (parts of) arguments on the heap. Extra guarantees inside G may be of several kinds:

e Separation between parts of the result on the result heap

o Containment of (parts of) the result within the union of the regions of certain (parts of
the) arguments

o Non-destruction of certain (parts of the) arguments

Each of such guarantees may rely on some extra precondition like those in Condeg(I').
Each of the predicate sets Condeg(I") or Guareg([; A) is partially ordered by logical implica-
tion,e.g. C < C' &= (VS,0)(S,0lF C &= S,olFC’).

Definition 2.3. Define an order on the set Condeg(I') x Guareg(A, ") contra-variantly element-
wise: (C,G) < (C',G') &= C=2C'and G <G’

Obviously, if a typing judgement annotated with (C’, G’) is OC then it is also OC if it is
annotated with (C,G) < (C’, G’) instead.

2.2 CG-Typing

Fix a CG-system C§ for L and use it implicitly for the rest of this section. Having defined the
semantics of CG-pairs, we now outline the way CG-pairs can be used as a part of the typing,
obtaining annotated typing rules which will yield the annotated typing judgements from the
previous section. We will denote by L' the language L with the new annotated typing rules.

Definition 2.4. A CG-typing of L consists of



o an assignment (I A) — W(IJA) C Cond(I") x Guar(A,T') of valid CG-pairs for each signa-
ture of L

e the typing rules of L each of which is annotated in the following way:

— Each typing judgement T’ &= e; : A, in the premises is associated with an unspecified pair
(Ci, Gi) € W(TE, Ay

— A side condition on the pairs (Ci, Gi) might be added.

— A procedure is indicated how to derive a pair (C,G) € W(I] A) for the concluded typing
judgement solely from the pairs (C;, Gi) provided that the side condition holds (if any).

e extra trivial typing rules with I' = e : A on both sides annotated as above.

Thus rules take the form:

[GEN]
M;Ciker A Gy - TyChlen: Ay Gh

F;C(C1,G1,...,Cn,Gn) |—€[€1,...,€TJ ZA;G(C1,G1,...,Cn,Gn)

The actual syntax of adding CG-pairs to the rules is left open at the moment. In particular
systems, there may be a more concise way to represent the CG-pairs. For example, see Sect.

and 4l

Definition 2.5. A typing rule in a CG-typing is correct if in any instantiation of the rule it holds:
all annotated typing judgements from the premises are OC
—> the concluded annotated typing judgement is OC.

A CG-typing is correct if all its rules are correct.

Let us outline a typical proof that a CG-typing rule of the form [GEN] is correct:

1. Assume that So, 0o - eleq, ..., en] ~ vo, 0/, So IF2° o and Sy, 0 I+ C hold.

2. Prove Sy,00 I e;, ~» vy, 07, Sy IF,‘fi"I ny and Sy, 00 I Cj, for some j; € {1,... 1} (given
by the evaluation strategy for e, i.e. e;, is the first subterm to be evaluated).

3. Deduce v, IH‘\‘h les ] and vy, 01, Sy, 00 IF Gy, .

m ,HP]]

4. Proceed similarly to steps 2 and 3 with other typing judgements in the assumptions
(led by the evaluation strategy for e) introducing a sequence {(ji, Si, 04, My, Vi
with o, = ¢’.

) }o<i<m

5. Prove v IH‘\' [eler,. .., en]ﬂn)ﬂpﬂ and vy, 0/, Sy, 0p IF G—Q.E.D.



2.3 Inference of Annotation

Let us now turn to the type-checking problem which is now a combination of the ordinary
type-checking of L with the inference of annotation. Annotation is inferred in the course of
the type-checking and sometimes a certain branch of the type-checking is barred by a side
condition.

When there is more than one sequence of typing rule applications for a certain term (result-
ing in the same typing judgement) then there may be more than one CG-pair derivable for
the judgement. In such a case, we should be able to take the resulting CG-pair to be the
supremum of the derived pairs in the implication order. This will happen in UAPL because
there is a single strongest derivation despite some non-determinism in the typing rules.

Special attention has to be paid to the typing of recursion via function calls. An annotated
program P would now associate an OC typing judgement I';; C¢ - e¢ : Ag; Gy to every function
symbol f. The problem is now obvious that (C¢, G¢) cannot be derived by the typing rules
directly due to their potential dependency on (C¢, G¢). These have to be derived as some
fixpoint of their circular definition. Under some conditions, they can be derived iteratively
as the strongest fixpoint as follows: Associate the strongest CG-pair (C9, G?) in W(I't, A¢)
with each function symbol f and then derive possibly weaker pairs (C}, G}) for them via
the typing of their terms e;. Repeat this with (C}, G}) to derive (C% G?) and so on until
(Ck, G¥) = (CET GF) for all f.

For this iteration to work, the derivation of typing judgements has to be monotone; i.e. when-
ever the function signatures” annotation is weakened, also the derived annotation is weak-
ened. This is equivalent to all typing rules being monotone in the following sense: In
any pair of instances of the rule differing only in their CG-pairs (W;,..., W,,, W versus
Wi, W W) it holds:

(FD(Ws S W) = WS W',

By the term “inferring strongest annotation” we mean deciding whether a given well-typed
program or term in L can be annotated within a given CG-typing and if affirmative also
computing its strongest correct annotation.

Theorem 2.6. If in a CG-typing

e all annotated typing rules are correct and monotone,
e for every signature there is a strongest annotation,

e for every annotated program there is an algorithm inferring strongest annotation for terms
using the signature of the program,

then the iterative process described above infers the strongest annotation for any program P.



3 UAPL

We present the language from [Aspinall & Hofmann 2002] as an instance of the framework
from the previous section.

3.1 The Language

The types and terms are in essence those of first-order LFPL [Hofmann 2000]:
A = (| Bool | A; xA; | Ay®@A; | L(A)

e = x |letx=ejiney | f(x1,...,%xn)
| tt | ff | if x then e; else e,
| (er,ez) | fst(x) | snd(x)
‘ X1 X ‘ match x with x; @ x, = e
|

nila | consa(xn, x¢,xa) | Match x with nila = ejlconsa(xn, x¢, xa) = €2

Notice the extensive use of variables instead of expressions in term constructors. All of the
usual, more general, forms of the terms can be simulated by the use of let. The reason for
this restriction is to confine most of the reasoning about sharing and destroying of heap
resources around the let expressions.

The language term constructors tt, ff, fst, snd, _©_, nil 4, cons 5 are treated as special pre-defined
function symbols and could, therefore, be omitted above. Nevertheless, we keep them in the
grammar to make it more comprehensible.

The plain typing of the terms is standard apart from the rules for lists:

[NIL] [cCONS]

Fnila:L(A) Xt A, x¢ i L(A),xq: O F cons(xp, ¢, Xq) : L(A)

[MATCH-LIST]
FEer: A" Txn:Axe:L(A),xq: O Fey: A’

Ix : L(A) - match x with nila = eq|lconsa(xn, x¢, xq) = €2: A’

in which the extra argument of cons is given the LFPL type ¢. This argument does not play
any role in the denotational semantics but is crucially used in the imperative operational
semantics as a heap address.

The denotational semantics is given as hinted in Sect. |2} in particular:

[nilal =10 [consalxn, x¢, xa)],, ppp = n(xn) (x4

The values stored in environments and in heap locations are the following:

ve=L0 | tt | ff | (vi,v2) | nil h:=!hd =v;,tl =v,}



Figure 1: Definition of Evaluation Relation

[VAR] [FUNC]
S(xi) =vi [xir—vi,0Fes~v, 0

S,okx~ S(x),0

S,okf(x1,...,%n) ~ Vv, 0’

[LET]
S,oFe;~v,0o Skx—v],o' e~V o

S,oFletx =ejine, ~ v, o”

[TRUE] [FALSE]
S,ott~tt, o S, ok ff~ff o
[IE-TRUE] [IF-FALSE]
S(x)=tt S,oFe;~v,0o S(x)=1ff S,oFey~v, o
S, ok ifxthene; else e; ~ v, 0’ S,oFifxthene; else e; ~ v, o’

[TENSOR-PAIR]
S, 0% ®%x2~ (S(x1),S(x2)), 0

[TENSOR-ELIM]
S(x) = (vi,v2)  Slx1 = villxa— va],0F e~ v, o’

S, o F match x with x; ® x, = e ~ v, 0’

[CARTESIAN-PAIR]
S,okbe;~v,0 S0’ Fey~ vy o

S,oF (er,ex) ~ (thz)»(f"

[FIRST] [SECOND]

S(x) = (v1,v2) S(x) = (v1,v2)
S, o0k fst(x) ~ vy, 0 S,oFsnd(x) ~ vy, 0
[NIL]

S,oFnilg ~ nil, o
[cONSs]
S, 0 = cons(xp, x¢,xa) ~ S(xa), 0[S(xa) = {hd = S(xn), tl = S(x)}]
[MATCH-LIST-NIL]
S(x) =nil S,oFe;~v,o
S, o = match x with nily = ej/consa(xn, x¢, x4) = €2 ~ v, 0’

[MATCH-LIST-CONS]
o(S(x)) ={hd = vi,, tl = v} Sxn = Vi, X¢ = v, xqa — S(x)], 0 - e; ~ v, 0
S, o F match x with nilx = e;/consa(xn, Xt, Xq) = €2 ~> Vv, 0’




where ( ranges over the heap locations from Loc. The definition of the evaluation relation
is in Fig. [} The rules for the heap representation relation v |- a are more or less derivable
from the evaluation rules, we quote only the ones for lists here:

o(l) ={hd = vy, tl=vo} wvilFih vaIF )t
nil -7, [ CIFS A Rt

An important aspect of the heap representation definition is whether the two parts of a
tensor product are required to be separated from each other on the heap or not. We will
not require it in the default representation relation because there are valid situations when a
tensor product may not be represented as a separated product.

Let v “I-3 a be a relation which differs from v I-$ a only by adding a condition to the tensor
product and cons-cell rules requiring that the components are separated:

vi kR, ar v2 ©IFR, a2 Ra (vi,0) NRA,(v2,0) =2

(vi,v2) “lFa o, (a1, a2)

o) ={thd =vi,tl=va} vi®lFah v @At Ralvi,0) NRa)(v2,0) =@
0¥ A Rt

where Rx(v, 0) is the region of the value of type A represented by v on o, i.e. the set of
locations in o “reachable” from v.

Values of some types, e.g. Bool x Bool, do not use heap at all. Such types are called Feap-free.

Lemma 3.1. For every evaluation S, o = e ~» v, ¢’ with the representation of arguments S I-7 1
and result v |- a, it holds that:

1. Dom(o) = Dom(o”)
2. Ra(v,0’) CRp(S,0)

3. VL € Dom(o) \ Rr(S,0), o(f) = o'({)

This lemma can be proved easily by induction on the structure of e from the definition of
evaluation relation and region.
3.2 Usage Aspects
The syntax of annotated typing judgements is:
X1 AL Xn i ApF e A

where each i;, called usage aspect, is from the set {1, 2, 3}. The usage aspects can be informally
interpreted as follows:



Figure 2: UAPL typing rules

[DROP] [RAISE] [WEAK]
Nx:'AFe:A” j<i I'-e:A A heap-free Fe:A’

Tx)AkFe:A’ MPre:A Nx>Ake:A
[LET]

Either Vz € |F1| M |F2|F1 [Z] = 3,
ori=23,Vze |lNIKL.MGzl, Kzl > 2

F}/\le—letx:m in eziA/

F1|—e1:A rz,XIiA}_ezlA/

[1F]
F1|—e1:A le—eZ:A

I ATy, x> Bool Fif x then e; else e : A

[ X-INTRO]
ﬂ "61 A, rzl_ezlAz Vz € ‘r]‘m‘rz‘.r][l],rz[l] 22
F1 /\rz H (e1,ez) ZA1 X AZ

[®-ELIM]
Nxy:"ALx:2 Aske: A’ i=min(iy, 12)
Ix:*A; ® A, F match x with x; @ xo = e: A’

[LIST-ELIM] _
MEe:A Thh:mAt:*LA),d:NYOFe: A
M AT, x mintniota | (A) F match x with nily = eqlconsa(h,t,d) = ey : A’

e 1: condition: argument is separated from all the others
condition: arguments’ tensor products are separated products
quarantee: none (argument could be even destroyed)

e 2: condition: argument separated from others with aspect 1 or 2
condition: arguments’ tensor products are separated products
quarantee: argument preserved during evaluation

e 3: condition: argument separated from others with aspect 1
quarantee: argument preserved and separated from the result apart from its
portions shared with arguments of aspect 2

This is not the full story as some rules will require an alternative interpretation of the usage
aspects to be OC. We will formalise their meaning as a CG-pair in Subsect.

UAPL typing rules (apart from the obvious rule for function calls) are shown in Fig. 2l and
the annotated typing judgements of the predefined functions in Fig.

The notation I'[x] stands for the aspect of x in I and I'" stands for the context which arises
from I by changing any usage aspect 2 in [" to i. The joined context I'; /A I, is defined when
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Figure 3: Usage aspects of predefined functions
- tt, ff : Bool x 2 A x Ay fst(x) 1 Ay x 2 A1 x Ay snd(x) : A,
X1 2 A1, %2 2 ArF X1 ®@%x:ATRA;

Fnily: L(A) h:2A,t:2L(A),d:' O Fconsa(h,t,d):L(A)

Table 1: Usage Aspects as a CG-pair

Condition Guarantee < Rely

pres(|l'l, ;) <
sep(Illy, M) Atens(IT;)  rg(r) Crg(ll; ;) <
tens(r) <= sep(|l'l,, IT'l,) A tens(|T'],)

the contexts are compatible (i.e. I'1(x) = I,(x) for every x € [I']| N [I,| where |I' is the set of
all variables in I') and annotations are calculated as the minimum where the contexts [, [,

overlap:
Vx € [T N )Ty AT2) [x] = min(F[x], T2[x]).

The rules [DrROP] and [RAISE] would be trivial without the usage aspects. These rules intro-
duce nondeterminism to the type-checking by allowing the annotation to be weakened at
any time and strengthened at certain situations. As we will show that all the rules are mono-
tone (Prop. and stable under strengthening of premises (Prop.[3.4), there is a determinis-
tic type-checking strategy yielding the strongest annotation for each OC typing judgement.
It consists of giving [RAISE] priority over all other rules and the opposite for [DROP]: use it
only if needed to make premises match each other. Thus Thm. 2.6 will apply to UAPL.

3.3 Correctness

Let us now formalise the meaning of usage aspects in typing judgements as sets of CG-
pairs. Fix an annotated typing judgement I - e : A and a matching operational judgement
S,oFe~v, 0.

The CG-pair (denoted W = (Cr, Gr)) that the usage aspects represent is summarised in
Tab. |1} using the following notation (sep stands for separation, pres for preservation and tens
for tensor product separation):
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‘HL]' - “—“i U ‘r|j , |F\i = {x e |l ‘ Mx] = i}
sep(x,y) = 1g(x) Nrg(y) =@, sep(TT) = A cryer nie S€PX, X))

)
rg(x) = Rr(S(x), 0),
tens(x) = (Ja)(S(x) ®IFfy a), tens(T) = A, ;tens(x)
pres(x) = (VL € rg(x)) (o(€) = 0’()), pres(T) = A, pres(x)

The symbol r is treated as a special variable representing the result on the heap o/, i.e. S(r) =
v, I'(r) = A and in relation to r the heap o’ is used instead of o.

This CG-pair can be decomposed into two weaker but simpler CG-pairs that are equivalent
together to the original CG-pair. In the first one, the rely precondition of the third guarantee
moved to the condition while in the second one the third guarantee is removed.

We shall call the first simpler CG-pair the primary interpretation and the other one the sec-
ondary interpretation of the usage aspects. Notice that the primary interpretation corre-
sponds to the intuitive interpretation of the usage aspects as given earlier.

Let the notation ' < " mean that the annotated contexts I "' do not differ apart from their
usage aspects and I'[x] < I''[x] for each x € [I'].

Lemma 3.2. IfF < I then Wr Wr/ (1 e. Cr Cr/ and Gr Gr/)

As a result of this lemma, there is a strongest annotation for each typing judgement, namely
the one with aspect 3 at all the arguments. The last ingredients to be able to apply Theorem 1
to UAPL are monotonicity, stability under strengthening of premises and correctness of the
rules and of the annotation of the predefined functions in Fig 3| These will be the content of
the following four propositions.

Proposition 3.3. The UAPL typing rules are monotone.

Proof. For each rule, assume its OC instance using the notation from Fig. 2l Then take the
same premises with some collection of usage aspects which are not higher than the original
ones. Use primed notation for new usage aspects and annotated contexts. Then construct
the new conclusion to make a new instance of the rule (if possible). Since the rules are just
annotated versions of valid ordinary typing rules, the conclusions will differ only in the
usage aspects. For each rule we have to show that the new conclusion is weaker or equal to
the old one. We show it here for a few rules only:

[DROP]. T/, x ™) A is weaker than I} x J A.

[RAISE]. (I'7)? < T3

[LET]. (7)Y AT} is weaker than 't AT because (I'])Y < (7)< T

[x-INTRO]. [f AT, < ThZ AT,

[®-ELIM]. T/, x :Min(i2) Ay @ A, < Tox minln) Ay @ A, O

Proposition 3.4. The UAPL typing rules are stable under strengthening of premises, i.e. if certain
premises enable a rule, then the same premises with stronger usage aspects also enable the rule.
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Proof. This is trivial for all rules but [DROP], [ x-INTRO] and [LET] as these are the only ones
having side conditions that depend on the annotation of premises. Raising the i in [DROP]
keeps the side condition valid. The [x-INTRO] side-condition is clearly stable under raising
the usage aspects and so is the [LET] side condition as 3 is the highest usage aspect. O

Proposition 3.5. The UAPL typing rules are OC.

Proof. [DROP]. The correctness of this rule follows from the earlier observation that lowering
a usage aspect results in weakening the corresponding CG-pair.

[RAISE]. Assume S, 0 - e ~~ v, 0’ with S IF? 1 and that each region rg(x) is separated from all
others and the tensor products of x are separated whenever I'[x] = 1. Thus the condition of
the premise is met and using its correctness we get v -5 lel,, jp; and pres(|T'], ;). The latter

implies pres(|I™|, ;) and as the result is heap-free, we have rg(r) = @ and consequently it
trivially holds tens(r) and rg(r) C rg(‘r3|] 5)-

[WEAK]. Assume S,,0 - e ~ v,0', S, IFZ n,and S, 0 IF Cr, where S, = S[x — v,
M = nlx — aJand Iy = I[x > A. Then clearly it holds S,0 + e ~ v, 0/, S IFZ 0
and S, o |- Cr which allows us to use the premise. The guarantee v,c’,S, o I G implies
v, 0’ Sy, 0 IF G, because its only part involving x is pres(x) which holds due to Lemma
(3) and sep([I'l; , {x}).

[LET]. The skeleton of this proof for the primary interpretation is in Tab. Each line of
the table contains a statement preceded by its name and followed by a list of references
to statements and definitions from which it has been be derived. The statements whose
names end with il are valid under the condition that i = 1, etc. A proof of the secondary
interpretation can be obtained from the first proof by minor modifications as indicated in
the table.

[tIF]. Put T := 1 AT, x :> Bool and assume S |2 1 as well as S, 0 |- Cr. Also assume
Si,0 = ey ~ vi, 0y where S; := S| for i = 1,2. Clearly S; IFR M where 1; := 1| and by
Lemma 3.2 we get also S;, o I Cr,.

If S(x) = tt, setj = 1, otherwise j = 2, so that S, o - e ~~ v;, 05 where e = if x then e; else e,.
Using the correctness of the premise for ¢; we get v; I [e] npp @nd v, 05, S, 0 |- Gry. The first
guarantee rg(r) C rg(lr\l)z) follows from II}I]‘2 - m],z- The second one, pres(ll“\zys), follows
from pres(\l}\m), sep(Tl, ’mz,s) and Lemma (3). Finally, if sep(|l'],,|I',) and tens([T'],),
then the same precondition holds for [ because [I5|, C \Fl]y2 and thus we get tens(r) from
Gr;.

[x-INTRO]. Assume S, 0 - (eq,e;) ~» v, 0” which implies S,0 F e; ~» vy,0/, S,0" = e; ~
vy, 0” and v = (vq,v,). Further assume S |Fg nand S, 0 |- Cr where I' = '} A T,. We get
Si I-Z i where where S; := S|, and 1; = 7, and from Lemmaalso Si, 0 I Cp, for
i = 1,2. Applying the hypothesis that the first premise is OC, we get v; IF5| [e1],, fp and
vi,0', Sy, 0l- G, especially pres(\ﬂ\zyg‘).

Now we can conclude that S, \h‘fz/ 12 using sep(|l1];, '), Lemma (3) and the side condi-
tion that I'; does not contain any variable which has aspect 1in I';. Thisand S, o I- Cp, yields

S, 0’ Ik Cr,. Thus we can use the hypothesis of correctness for the second premise to obtain
V) \H‘\Z [[ez]]n‘[[P]] and v,, 0", S5, 0" I Gp,.
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Table 2: Correctness of [LET]
Implicit conditions: (...i1) ~(i = 1), (...112) ~(i € {1,2}), etc.
Secondary interpretation: remove textin: _____‘and rename:
(C1i12) —(C1i1) , (C1i3) —(C1i23) , (G1i12) —(G1il) , (G1i3) ~—(G1i23) .

(OC1,2) TiFe :AisOC, Thyx:tAkFe,:AlisOC

(Op) S,obletx =ejiney; ~ v, 0"

(Op1,2) S,oF e~ vy,0' Slx—=v],o'Fey~vo”

(HA) SIFen (T:=T{AT,)

@23 N UINL CIT, Pl © IRl U,

© S,olFsep(IT'l;, T Asep(IT],,IT,) /\tens(lrlm)
(HA1)  SyIFR v (S1:= Sl =1l

(C1i12) Sy, 0l sep(Ilhly, [T]) Asep(ITil,, ITl,) A tens([T4]; )
(C1i3)  Sy,0lFsep(Illy, [T]) A tens([T4];)

(HR1) v, IFS a (a:= [er],, m)

(G1i12) vy, o', Sy, 0l pres(|Tl, 5) Arg(r) C rg(lll; ;) Atens(r)
(Gli3) v, 0',Sy,0 I pres(|l, 5) Arg(r) C rg(llhl; ,)
(HA2p) S IFR M2 (S2:= S|, N2 =="nlry)

(HA28) Sy IH{ a2

assume
assume
Op,~
assume
Fr=TiAT;
assume
HA
cri
cri
OC1
OC1
OC1
HA

HA2p,C,1-23,G1

(HA2) S, \fo' Nk (Sx = S2lx = vl =n2lx — al, HA2g,HR1
Ne:=Tx:tA)
(€2g)  S2,0"IFsep(ITaly, T} A sep(ITal,, IFaly) A tens (T, ) CGl
(C2xi1) Sy, 0’ I sep(x, |T2|) A tens(x) C,G1i12,T"} sidecond
(C2xi2) Sy, 0" I-sep(x, [T2ly5) /\ tens(x) C,G1i12,T} ATy sidecond
(C2xi3) Sy, o' Ik sep(x,[I%l;) C,sidecond
(C2) Sy, o' IFsep(ITiy, ITxl) A sep(Txl; , ITxl;) A tens(!l“xh‘z) C2g,C2x
(HR2)  vIFS [eal,, oy 0C2
(G2) v, 0", Sy, 0" I pres([Til, 5) Arg(r) C rg(\FXI],Z) A tens(r) oC2
(HR) vIFY [letx = eqin ezﬂn,[l’}] HR2n,,denot.sem.
(523) S,olF sep(ll}lzﬁ,lr]l]) S,o’ IF sep(\ﬂ\zﬁ,\rz\]) 1-23,C
(5i1) M3 NI C Iy, Siyolksep(ITils, M) F=T{AC
(P) v,0",§, 0k pres(|l'], ;) G1,G2,523,5i1
(Ri12)  1g(r) € rg(INl, ) € rg(Il, ) Uil ) = rg(Ir, ) G2,G1
®Ri3)  rg(r) C rg(INd,,) = rg(Iral, ) < rg(r, ) G2
(G) v,0",§, 0k pres(|T'l, 3) Arg(r) C rg(mm) A tens(r) P,R,G2
(OC) Thletx=e ine,:A’isOC Op,HA,C,HR,G
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Since Rx, (vi,0’) € Ry (S|}, 0) (Lemma point 2), the region Rx, (v, ¢’) has not been
modified by the evaluation of e, thanks to the condition that all variables with aspect 1 in I,

1"

have regions disjoint from all others. Thus we also have v, =3, He‘ﬂn,[ﬂ’ﬂ and vq,0”,S;, 0 IF
Gr,. Now we can deduce (vi,v;) =V \H‘\I]’X/\Z [(eq, eZ)Hn,[[P}]'

From vi, 0”,Si, 0 IF G, it is easy to deduce pres(|'], ;) and rg(r) C rg(lr\]’z) using [I', 5 C
‘rl‘z)g U |r2|273 and |r1|112 U ’rZ’]‘z - “ﬂ‘])r

When sep(['],, [I',) and tens(|I'],) hold on o then the same holds for I, and I'; on their respec-
tive heaps o and o’. Thus v; and v, are represented on ¢” with separated tensor products.
As there is no tensor product between v; and v,, we get tens(r).

[©@-ELIM]. Assume S,0 - e’ ~» v, 0" where e’ := match x with x; ® x, = e which implies
S(x) = (vy,v2) and S”, 0 - e ~ v,0’ where S” := S[x; — vil[x2 — v5]. Further assume
SIS nwhere I :=Tx " Ay @ Ay Put I :=T,x; 1 Ay xp:2 Al

Assuming S, o |- Cr/, we aim at proving S” o |- Cr». Basic conditions confined within |I'|
translate directly from C to Crv. Since i < 14, 1,, any separation required in Cr» between
x1 or x, and some variable y € |I'| follows from the separation between x and y in Cy. Also,
tens(x;) or tens(x,) in Cr» implies that tens(x) is in Cr/. Finally, if sep(x;,x,) is in Cr» then
i = 1 which implies that tens(x) is in C» which is sufficient for sep(x, x,) to hold.

By the correctness of the premise we get v I3, [e], ., o p) @and v, 0, 8" 0 IE Gy
where (a;, a,) = 1(x). By the definition of denotational semantics we get

v Il—f\// [match x with x; ® x; = eﬂn‘[ﬂ’ﬂ‘

It remains to prove v, ¢’, S, o IF Gr.. Again, conditions confined to I' and the result translate
from Gr» trivially. If G contains pres(x) then Gr» has to contain both pres(x;) and pres(x,)
by 1,1, > i. Similarly, we get rg(r) C rg([I"]; ;) C rg(Il"l; ,).

The guarantee tens(r) in Gy is equivalent to tens(r) in Gr». From the rely-precondition of
tens(r) in G we can deduce the same for G~ analogously to deducing Cr~ from Cr. above.

[LIST-ELIM]. A proof of correctness for this rule can be obtained by a straightforward combi-
nation and adaptation of the proves for [IF] and [©-ELIM] treating cons,(h, t, d) as a ternary
tensor product. O

Proposition 3.6. The predefined functions are correctly annotated in Fig.

Proof. All the functions but cons clearly evaluate according to their denotational semantics
even without the need to consider the preconditions. consa(h, t, d) also evaluates correctly
thanks to the precondition sep({d}, {h,t}) (h, t are preserved while overwriting d).

All the functions but consp trivially satisfy the guarantee pres(|I'], ;) since their evaluation
does not change the heap at all. cons,(h, t, d) overwrites only the location S(d) which is by
the precondition separated from |I'], ; = {h, t}.

All the functions construct their arguments only using the regions of arguments with usage
aspects 1 or 2, hence rg(r) C rg(!lﬂ\])z).

The tens(r) guarantee is valid trivially for the constants tt, ff, nil , as they are heap-free. For
fst,snd, @ _, cons,, it holds tens(r) if all their arguments with aspect 2 have separated tensor
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products and the components of the tensor product and the cons cell are separated which is
exactly what the rely-precondition demands. 0

4 Other Languages

4.1 Explicit Sharing Programming Language (ESPL)

During the research that led to this report other typings for LFPL extending that of UAPL
were designed. Namely, Robert Atkey formulated a typing for LFPL, called ESPL [Atkey
2002a], that adds explicit information about sharing among arguments in addition to the us-
age aspects.

The syntax of a typing judgement in ESPLis ' - e : A S, D where
e [ contains assumptions of the form x : (A, Sy)
e S, lists arguments that x is allowed to share with
e S lists arguments which may share with the result (UAPL aspect 2)

e D lists arguments which may get destroyed (UAPL aspect 1)

For example, append can be typed in ESPL as follows:
x: (L(A), @),y : (L(A), @) - append(x,y) : L(A), {y}, {x]

The usage aspects are encoded using a different method. More importantly, they retain only
their meaning as a guarantee. Separation pre-condition is expressed independently via a
symmetrical anti-reflexive relation on the context which is encoded in the judgement via the
Sy sets. This gives more flexibility to the typing despite maintaining the invariant:

(1) yeS,—= (xeS=yeS)A(xeD=yeD))

(Le. arguments with different usage aspects cannot share.)

Using this intuitive explanation, the annotation can be expressed as the following CG-pair:

condition: /\(X‘SX)Ersep(x, T\ Sy) /\ tens(x)
guarantee: pres(|['1\ D) Asep(r,[I'\ (SUD)) Atens(r)

The invariant (1)) allows Atkey to formulate the following typing rule for let:

[ESPL-LET]
MN-er:A,S;,D7 TN\Dy,x = (A, S$1)] - e2:B,S2,D»

Eletx =ejiney: B, S;\{x},(D;UD>)\ {x}

which is much simpler and easier to prove correct than UAPL’s [LET].
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The extra flexibility leads to even more of the correct terms being type-checked but results in
a more complex annotation inference algorithm. The complexity of type-checking seems to
be inherent and caused by the fact that some typing judgements do not have any strongest
correct annotation but a set of several maximal ones. For example, x : A;y : A’ = x : A can
be annotated in two incomparable ways:

x: (A, 2)y: (A, @) Fx: A {x},o
X (A){U}))U : (A/){XH = X A,{,X)U}’,@

Maybe this problem can be alleviated by a more clever interpretation of the annotation
which would make the second judgement weaker than the first one.

4.2 Language with Deep Sharing (DEEL)

Another first-order LFPL typing that follows the trend is the one of [Kone¢ny 2002] which we
shall call DEEL. It is based on a more complex annotation method in which not an argument
as a whole is annotated but each argument contains none to many annotations depending
on the complexity of its type. Thus assertions can be made about portions of each argument
corresponding to certain type subterms within a typing judgement. This allows the type-
checking to recognise as correct, among other things, an append(x,y) in which lists x and y
share on the level of its deeper data but are separated on the level of the top cons-cells:

x : LY(LZ(Booal)),y : LB(L* (Bool));
(122,103,104}

append(x,y)

- LB (L ec24 (Bool)); {11

56 &= {122, 104,223,304}
®6/5 <= (224,82/1,24/3}

Each argument has two portions according to their types. The argument portion names
are 1,2,3,4. Just before - there is a pre-condition demanding that three pairs of argument
portions be separated. The result type has also two portions, named 5 and 6. The notation
with C indicates the guarantee that the corresponding result portion is contained within the
union of the given argument portions. Behind the result type is the set of possibly destroyed
portions in the style of ESPL. The last guarantee is a list of implications giving a set of sep-
aration pre-conditions necessary for each basic separation guarantee about the resul{l] The
expression ©6/5 indicates internal separation between individual elements of the resulting
list which depends on the same property for both argument lists and the separation of 2
from 4.

The language extends UAPL and ESPL in that it type-checks more of the correct LFPL terms.
At the same time it has a very simple inference algorithm due to having no annotation-only
rules which would make the type-checking non-deterministic (like [DROP] and [RAISE] in

!The system is not aware of the fact that 5 cannot share with 6 because a more complex list type might allow
sharing between its control structure and elements.
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UAPL). This algorithm has been implemented and tested by the author. The above example
has been generated by the program too.

5 Conclusion

We have extracted and made explicit the abstract ideas that were behind the original design
of UAPL and thus managed to reformulate the usage aspects in a way in which it is manage-
able to prove its correctness| and to work out an annotation inference algorithm. We have
also recalled ESPL from this perspective and given some hints for its further study inspired
by this view. Furthermore, we previewed the new language DEEL which has been formed
as a result of this study.

We conjecture that also ocA-calculus [O’Hearn 2002] which arises from the logic of Bunched
Implications [O'Hearn & Pym 1999] can be interpreted in the present approach similarly to
ESPL but without considering preservation guarantees. This is very interesting among other
reasons because oA-calculus is a higher order language.

The present approach might be beneficial in extending also UAPL to higher order. A suitable
extension of the imperative operational semantics with explicit allocation of closures has
been suggested in [Atkey 2002a] and [Atkey 20020]. The leading idea is that every function
type constructor in the judgement has to be treated like a typing judgement (featuring its
captured context) and thus should be annotated with a subset of CG-pairs for this context.

For example, one could perhaps abstract away from the captured context and treat it as a
single unit with one usage aspect, resulting in having two usage aspects per function type
constructor, e.g.:

XD A= ALyt ARExy A

This is an area of further research. Nevertheless, it seems that the complex annotation
resulting from higher order types will have so intricate dependencies that type-checking
will become very hard. For example, the typing judgement above would be valid for any
i,je{l,2,3)

The use of pre- and post-conditions for certifying in-place update with sharing is not new.
Recent work includes Alias types [Walker & Morrisett 2000, Walker & Morrisett 2001] which
have been designed to express when heap is manipulated type-safely in a typed assembly
language (TAL). Alias types express properties about heap layout and could be considered
as representations of our assertions. Unfortunately, they cannot express that two heap lo-
cation variables may have the same value. In an alias type, two different location variables
always take different values.

Separation Logic [Reynolds 2002] may serve a similar purpose as alias types but for higher
level imperative languages. We believe that it is expressive enough to encode the UAPL,
ESPL and DEEL assertions but the encoding might not be very natural.

There are plenty more studies related to certifying in-place update which we cannot possibly

2 Admittedly, the proof is still fairly complex and it might be worth formalising it in a proof assistant to be
able to keep careful track of all the details.
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cover here.

The novelty of LFPL and its extensions is that one can write in them certified in-place update
algorithms that evaluate in accordance with a simple functional denotational semantics. The
new resource type ¢ makes in-place update explicit in a functional setting. In UAPL, ESPL
and DEEL any constructor argument of type ¢ is given a “destroyed” aspect. Thus by dis-
tinguishing different ways in which the resources are used the typing is made more flexible.
UAPL and DEEL moreover keep a deterministic type-checking via usage aspect annotation
inference thus liberating a programmer from writing any usage aspects in their program sig-
natures. A complementary aid is given to an LFPL programmer by an automatic inference
of constructor arguments of type ¢ [Jost 2002].
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