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Abstract. Local reasoning is a well established concept in the field of
program verification, but there is some debate about which is the correct
level of abstraction to use. In separation logic we tend to stick to a very
low-level style of reasoning that is close to how the machine sees the
program state. In context logic we instead choose to work at the level of
abstraction provided by the programing language. We show how to link
up these different reasoning levels using the idea of abstract modules. We
give a definition for what it means to correctly implement an abstract
module and also show how reasoning can be translated from an abstract
module to its implementation.

1 Introduction

Program refinement is the verifiable transformation of an abstract (high-level)
formal specification into a concrete (low-level) executable program. We study
program refinement in the setting of local reasoning.

The principle of local reasoning is that if we know how local computation
behaves on some state then we can infer its behavior if the state is extended:
it simply leaves the additional state unchanged. On this principle, O’Hearn and
Reynolds founded separation logic [9], which achieved remarkable success at local
reasoning about C-style heap update in a Hoare logic framework. Generalising
separation logic techniques to more abstract state models, Calcagno, Gardner
and Zarfaty developed context logic [1], which has been successfully applied to
reasoning about the W3C DOM tree update library [6].

Previously, where context logic has been applied to reasoning about programs
that manipulate abstract state such as trees, sequences and terms, the reasoning
has been justified using that same abstract state, by proving soundness with
respect to an operational semantics. In this paper, we instead look at justifying
such reasoning in terms of implementations of the abstract state. This is an
instance of the classic problem of data refinement [8, 3], but with the added twist
that our emphasis is on local reasoning. Our development provides two general
techniques for verifying local modules with respect to their implementations,
which we term locality-preserving and locality-breaking translations.

With the first technique, locality at the abstract level is, broadly speaking,
implemented by locality at the lower level. However, typically implementations
operate on a larger state than the abstract footprint, for instance, by performing
pointer surgery on the surrounding state. We introduce the notion of crust to
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capture this additional state. This crust intrudes on the context, and so breaks
the disjointness that exists at the high level. We then relate the high-level locality
with low-level locality through a fiction of disjointness.

With the second technique, locality at the abstract level is not preserved by
the translation. Although it is possible to think about such a translation using a
(large) crust, we instead prove soundness using a locality-breaking translation.
We establish a fiction of locality at the high-level, by demonstrating that the
translation preserves the axioms in any high-level context.

Fig. 1. Translations presented in this paper

In this paper, our motivating example is the stepwise refinement of a module
that provides local commands for manipulating a tree structure, as illustrated
in Fig. 1. The translations depicted are as follows:

(a) H+ H — H: This is a simple example given at the end of §5.

(b) L — H: This is a translation from lists to heaps where locality is not pre-
served, given in section §6.

(¢) L — H: This is a locality-preserving translation from lists to heaps that uses
the same implementation, given in §6.

(d) T — H: This is a locality-preserving translation from trees to heaps, given
in §5.

(e) T — H + L: This is a locality-preserving translation from trees to the com-
bination of heaps and lists, given in §5.

The remaining translations (H+L — H+H) are given by modularity (shown
as a dotted line). Since translations compose, the results in this paper give three
different translations T — H.

1.1 Related Work

There as been much work on abstraction and information hiding in separa-
tion logic. In particular, the work of Parkinson and Bierman on abstract predi-
cates [10] addresses the problem of abstraction in a separation logic setting. An
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abstract predicate is, to the client, an opaque object that encapsulates the un-
known representation of an abstract datatype. In their approach, abstract pred-
icates inherit some of the benefits of locality from separation logic: an operation
on one abstract predicate leaves others alone. However, it does not permit local
reasoning within the structure represented by the abstract predicate, which this
paper addresses. Filipovié et al. have also considered data refinement with sep-
aration logic [5] showing how to handle aliasing issues in the refinement setting.
Their work has a similar theme to ours, choosing only to verify client programs
that use module commands correctly with regards to the specification provided
by the module. We differ in that we choose to focus on translations between
different levels of abstraction.

2 Preliminaries

2.1 State Models

We work with multiple data structures at multiple levels of abstraction. To
handle these structures in a uniform way, we model our program states using
context algebras. We will see that many standard state models fit this pattern.

Definition 1 (Context Algebra). A context algebra A = (C,D,e,0,1,0) con-
prises:

— a non-empty set of abstract states, D;

— a non-empty set of state contexts, C;

— a partially-defined associative context composition function, @ : C x C — C;

— a partially-defined context application function, o : C x D — D, with
c10(caod) = (c1 ®ca)od (undefined terms are considered equal);

— a distinguished set of identity contexts, I C C; and

— a distinguished set of empty states, 0 C D;

having the following properties: for allc € C, d € D, and i’ € 1

— i0d 1is defined for some i € I, and whenever i’ od is defined, i’ o d = d;
the relation {(c,d)|3o € 0.co o =d} is a total surjective function;

i e c is defined for some i € I, and whenever i’ o ¢ is defined, i’ e ¢ = ¢;
— cei is defined for some i € I, and whenever c e i’ is defined, cei = c.

This is the definition of models of Context Logic with zero and composition
of [?]. One may view (C,,I) as a partial monoid, and (D, o) as a (partial, left)
C-action. This view captures all of the axioms, except for the one dealing with
0. The 0 axiom essentially gives an embedding of states into contexts: we can
always consider a state as a context applied to a zero state.

Ezample 1 (Context Algebras). The following are examples of context algebras:
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(a) Let § = (D,*,e) be a cancellative, partial commutative monoid. § is a
separation algebra in the sense of [2]. We view S as the context algebra
(D, D, *,*,{e},{e}). The definition of cancellativity can be extended to con-
text algebras, although the results presented here do not depend on this
definition.

(b) Heaps h € H are defined as:

h:=emp|a—uv|hxh

where a € NT ranges over unique heap addresses, v € Val ranges over val-
ues, and * is associative and commutative with identity emp. (Heaps are
thus finite partial functions from addresses to values.) Heaps form the heap
context algebra, H = (H, H, *, %, {femp}, {emp}).

(¢) Variable stores o € X are defined as:

ocu=emp|z=v|o*o

where z € Var ranges over unique program variables, v € Val ranges over val-
ues, and * is associative and commutative with identity emp. Variable stores
form the variable store context algebra, V = (X, X, x,, {emp}, {emp}).

(d) Trees t € T and tree contexts ¢ € C are defined as follows:

tu=0g | nft] |t
ci=—|n[d|t@c|cat

where n € N ranges over unique node identifiers, and ® is associative with
identity @. The context composition and application are standard (substi-
tuting a tree or context in the hole). Trees and tree contexts form the Tree
context algebra, T = (C, T,e,0,{—},{2}).

(e) Given context algebras, A; and As, their product A; x Ay (defined in the
natural fashion) is also a context algebra. For example, H x V and 7 x V
describe states consisting of trees or heaps, and variables stores.

While separation algebras are defined to be cancellative, we have not included
a cancellativity condition among our axioms, as much of our theory does not
depend on it. However, we will sometimes consider context algebras which do
have such a property.

Definition 2 ((Left) Cancellativity). A context algebra is (left) cancellative
if, for allc € C, di,ds,d3 € D, cod; = cody = d3 implies di = ds.

This cancellation property is equivalent to the partial function co — : D — D
being injective. It is weaker than the property that e is left cancellative, but not
significantly: if ce c; = c e ¢y then for all d € D, ¢; od = ¢ 0o d — the two
contexts behave identically. We could consider an equivalence ¢; = c¢o whenever
c1od = cgod for all d € D. This equivalence is a congruence, and so we may then
work with the context algebra modulo =, for which full cancellativity holds. Left
cancellativity is a natural property for contexts. It captures the notion that, if
two states are distinct, they are still distinct when placed in any context.
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2.2 Predicates

Predicates are either sets of abstract states (denoted p, q) or sets of state contexts
(denoted f,g). We do not fix a particular assertion language, although we do
use standard logical notation for conjunction, disjunction, negation and quan-
tification. We lift operations on states and contexts to predicates: for instance,
x +— v denotes the predicate { — v}; Fv.z — v denotes {z — v | v € Val};
the separating application f o p denotes {cod | c € f Ad € p}; and so on. We
also use the notation [ to denote iterated x. We use set-theoretic notation for
predicate membership and containment.

2.3 Language Syntax

In this paper, we shall consider programming languages for manipulating a va-
riety of abstract datastructures. While the commands for manipulating these
datastructures will differ, the core language will remain fixed: variables, condi-
tionals, procedures, etc. are common to all of the languages.

Definition 3 (Programming Language). Given a set of basic commands
@ € @, the language Lg is defined by the following grammar:

C:=skip|¢|z:=E|C;C|if B then C else C|while B do C|

procs ri,...,7m, :=f1(z1,...,2p,){C}--- in C|
call r1,..., 7, := £(E1,..,Ep, )| local z in C
where z,r,... € Var range over program wvariables, E,E1,... € Expy, range

over value expressions, B € Expp,, ranges over boolean expressions, and £,£1, ...
PName range over procedure names.

2.4 Axiomatic Semantics

We give the semantics of the language Lg as a program logic based on local
Hoare reasoning. The state model, A x V), combines two context algebras: the
variable store context algebra, V', used to interpret program variables; and the
context algebra, A, manipulated only by the commands of . A set of axioms
AX CP(Dax X) x P x P(Dy x X) provides the semantics for the commands
of @, where D4 is the set of abstract states from A and Y is the set of variable
stores from V.

The judgements of our proof system have the form I' - {p} C {q}, where
p,q € P(D4 x X) are predicates, C € Lg is a program and I is a procedure
specification environment. A procedure specification environment associates pro-
cedure names with pairs of pre- and postconditions (parameterised by the ar-
gument and return values of the procedure respectively). The interpretation of
judgements is that, in the presence of procedures satisfying I", when executed
from a state satisfying p, the program C will either diverge or terminate in a
state satisfying q.
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The proof rules of the program logic are given in Fig. 2. The semantics of
value expressions [E], is the value of E in variable store o. The variable store
p denotes an arbitrary variable store that evaluates all of the program variables
that are read but not written in each command under consideration. We write
vars(p) and vars(E) to denote the variables in p and E respectively.

The FRAME rule is the natural frame rule for context algebras. The rules
AssaN, LocaL, PDEF and PCALL are standard, written in a slightly non-
standard way since we are working with context algebras together with the
variable store context algebra. Since we are treating variables as resource, the
ASSGN rule not only requires the resource z = v, but also the resource p contain-
ing the other variables used in E. For the LOCAL rule, recall that the predicate
p specifies a set of pairs consisting of resource from D4 and variable resource.
The predicate (I4 x £ = —) o p therefore specifies that the resource from D 4
stays the same and, since (I4 x £ = —) o p # (), that the variable store has
been increased by ¢ = —. For the PDEF and PCALL rules, the procedures f
have parametrized predicates P = A .p as the precondition and Q = A7 .q as
the postcondition, with P(7') = p[v /7] and Q(W) = q[w/7]. We omit the
CoNs, DisJ, SKiP, SEQ, IF and WHILE rules which are standard. For all of our
examples, the conjunction rule is admissible; in general, this is not the case.

3 Abstract Modules

The language given in §2 and its semantics are parameterised by a context
algebra, a set of commands and a set of axioms. Together, these parameters
constitute an abstract description of a module.

Definition 4 (Abstract Module). An abstract module A = (Ap, Pp, AXy)
consists of a context algebra Ap with abstract state set Dya, a set of commands
Dy and a set of axioms AXp CP(Dp x X) X $y x P(Dy x X).

Notation. We write L, for the language Lg,. We write 5 for the proof judge-
ment determined by the abstract module. When A can be inferred from context,
we may simply write - instead of F,.

3.1 Heap Module

The first and most familiar abstract module we consider is the abstract heap
module, H = (H, Py, AXy), which extends the core language with standard
heap-update commands. The context algebra H was defined in Example 1. We
give the heap update commands in Definition 5, and the axioms for describing
the behavior of these commands in Definition 6.

Definition 5 (Heap Update Commands). The set of heap update commands
@y comprises: allocation, n = alloc(E); disposal, dispose(E, E'); mutation,
[E] :== E’; and lookup n := [E].
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I'={p} C {q} pPSp I'H{p} C{q} qC¢

TF{fop} C {foq) | AME TF{} C {4} cons

ViGI,Fl—{pi}C{qi} ,0,q) € AX
Disy (P ¢,9) AXI0M

'+ {Vielpi} C {viel ‘Ii} I't={p} » {q}
I't{p} Ci {q} I'+{q} Co {r}

- {0} skip {0} OXIP TF {p} CiCs {1} Sra
FE{pA[B]} Ci {g} I'F{pA[-B]} Co {q} I'F{pA[Bl} C {p} W
I't+{p} if B then C; else C; {q} Y TE {p} while B do C {pA[—-B]} HILE
vars(p) = vars(E) — {z} ASSeN
I'b{0ax(z=vxp)} z:=E {04 % (2= [E]lasusp) *p)}
I'r{Iaxz=—)op} C{(Iaxz=—)ogq} (IAXa;#f)op;éU)L
I't+{p} local z in C {q} OCAL
{30.P(@)x (z; =7 x7; = —)}
V(fi:P—Q)el. I',I'+ C; I',I'+{p} C {q}
{30.Q(w) x (z; = —x1; = W)} DD
I'" + {p} procs = fl(m—f){(cl}, e TR= fk(m_k) {Ck} in C {¢}

vars(p) = vars(E) — § T} PCALL

{PUENowu0) % (F
LE:P=QF call 7 :=
(3%.Q(W) x (F =

Fig. 2. Local Hoare Logic rules for L.

Definition 6 (Heap Axioms). The set of heap axioms AXy comprises:

dx.x— —*...
} n :=alloc(E) * T+ [E] prn—v — —

Xn=xT*xp
[[E]]p|—>—>k... . ,
{ « [E], + [E], — — % p dispose(E,E’) {emp x p}

{[E]lp— —xpy  [El=E" A{[E], = [E'], x p}
{[E]lpsn=v — z X n = vx*p} n = [E] {[E]lpsn=0v — & X n = x * p}

emp X n = v*p
/\[[Eﬂp*n:\,'u Z ]-

3.2 Tree Module

Another familiar abstract module that we consider is the abstract tree module,
T = (7, Pr, AXt), which extends the core language with tree update commands
acting on a single tree, similar to a document in DOM. The tree context al-
gebra 7 was defined in Example 1. We give the the tree update commands in
Definition 7 and their corresponding axioms in Definition 8.
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Definition 7 (Tree Update Commands). The set of tree update commands
Dp comprises: relative traversal, getUp, getLeft, getRight, getFirst, getLast;
node creation, newNodeAfter; and subtree deletion deleteTree.

Definition 8 (Tree Axioms). The set of tree update axioms AXt includes:

(IELanllOmN) g s) { 1ot 2]

XN =n*p Xn=mx*p

{riv@ Elenanltl Ly _ gormsgue(e) { O [Elranl®])

XN =n*p xn = null xp

[Ebanll OnIL sy {Elmonit O i)

Xn=n*p Xn=mx*p

{[[E]]p*n#n[@]} n := getLast(E) {[[Eﬂp*n%n[z] }

Xn=n*p xn = null xp
{[E],[t] x p} newNodeAfter(E) {Im.[E],[t] ® m[@] x p}
{[E],[t] x p} deleteTree(E) {@ x p}

The omitted axioms are analogous to those given above.

3.3 List Module

We will study an implementation of the tree module using lists of unique ad-
dresses. We therefore define an abstract module for manipulating lists whose
elements are unique, L = (£, Py, AXy). The list context algebra £ is given in
Definition 11. The list update commands are given in Definition 12 and their
corresponding axioms are given in Definition 13.

Superficially, our abstract list stores resemble heaps, in the sense that we
have multiple lists each with unique addresses. For example, the list store (i =
v1 + vy + v3) x (j B w;y + v1) consists of two separate lists, at different addresses
1 and j. We however treat the individual lists abstractly. For example, the same
list store can be written (i & v, + —4wv3)o (i B ve*j B wy +v1) where, this time,
list context i = v + — + v3 is separate from the two lists i B vy * j B wy + vy.

We sometimes need to represent completed lists: that is, lists that cannot
be extended. For example, the command getHead requires a complete list to be
able to determine accurately the first element in the list. This is indicated by
surrounding the list in square brackets, as in j = [w; + v1]. Completed lists may
be separated into a context and sublist, as in j & [w; + —] 0 j & vy, but not
extended: j B w; + — o j & [v1] is undefined.

Definition 9 (List Stores and Contexts). Lists [ € L, list contexts lc € Lc,
list stores Is € Ls, and list store contexts lsc € LsC are defined by:

lu=celv|l+1 Isu=emp|i=l|i=[l] | Isxls
le=—le+1|l+1c Iscu=ls|i=lc| il | lsc*lsc

where v € Val ranges over values, which are taken to occur uniquely in each list
or list context, i € LADDR ranges over list addresses, which are taken to occur
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uniquely in each list store or list store context, + is taken to be associative with
identity €, and * is taken to be associative and commutative with identity emp.

Definition 10 (Application and Composition). The application of list store
contexts to list stores o : LsC x Ls — Ls is defined inductivelyby:

empols =ls
(lscxi=l)ols = (lscols) il
(lscxi=[l]) ols = (Iscols) xi =]
(Iscxilc)o(lsximl) = (Iscols)ximlcy)_)
(

(Iscx i [ic]) o (Is xi=1) = (Iscols) xi = [leg ]

where lcy_) denotes the stand replacement of the hole in lc by l. The result of
the application is undefined, when either the right-hand side is badly formed or
no case applies. The composition e : LsC x LsCc — LscC is defined similarly.

Definition 11 (List-Store Context Algebra). The list-store context alge-
bra, £ = (Lsc, Ls, e, 0, {emp}, {emp}) is given by the above definitions.

Definition 12 (List Update Commands). The set of list commands P, com-
prises: lookup, getHead, getTail, getNext, getPrev; stack-style access, pop,
push; value removal and insertion, remove, insert; and construction and de-
struction, newList, deletelList.

Definition 13 (List Axioms). The set of list azioms AXy, includes the follow-
ing small axioms: (the omitted axioms are analogous)

{ [[fﬂp*ié,v F:>[U’ + l] } V= E.getHead() { Hf]]p*:é,v/@[v’ + l] }
Vv =V*p ol p
{ HE]]p*'uﬁv = HE]]p*vuﬁv ‘:> ] }

XU = U*p x v = null xp

{ [E]prv=v = [E ] prv—0 + u{ v = Egetext(E i [E]prv—v B [E ] prv—0 + u}
} "
) {

v := E.getHead()

= E.getN t
v getiex X v = null xp

[E]psv=v & [V +1] [[E]],,*,,ﬁvb 1]
{ |

XU = V*p Xy =0 %p

{[[E]]pwﬁv@ } v = Epop() {[[E]]p*fv@[ ]}

XV =v%p X v = null xp
{[El, =11 xpA([E], D)} Epush(t’)  {[E], =[[E'], + 1] x p}
{[E], = [E'], x p}  Exemove(E') {[E], =e x p}
(bl TN U0 pansers(s',8”) (18], =11+ 187, + [87], + ] x )
{dxi=1i} 4:=newlist() {3Jj.jE=[e]xi=j}
{[E], & [1] x p} EdeleteList() {0 x p}

X’U*/’U*p X’U*/U*p
[Elpsvso = [1+ [E] proso]
X’Uﬁ'l)*p

{ [[Eﬂp*vﬁv ‘:>[l + [[E Hp*vﬁv

v := E.pop()
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3.4 Combining Abstract Modules

We wish to combine abstract modules in a natural way, that enables programs
to be written that intermix commands from different modules.

Definition 14 (Abstract Module Combination). Given abstract modules
Ay = (Ap,, Pa,, AXy,) and Ay = (Ap,, Pa,, AXa, ), their combination A +Ay =
(Ap, X Ap,,Pa, ® Ps,, AXa, + AXy,) is defined by:

— Ap, X Ay, is the product of context algebras;

— Dy, B DPp, = (Pa, x {1}) U (Pa, x {2}) is the disjoint union of command
sets;

— AXy, +AXy, is the lifting of the axiom set AXy, (and AXy, ) to AXs, +AXa,
using the empty states from AXy, (and AXy, ): formally, AXy, + AXa, =

{(Wlpv (90, 1),7r1q) ‘ (p,%q) € AXAl} U {(WZD» ((,0,2),7@(]) ‘ (p7907Q) € AXA1}7
st. mp ={(d,0,0) | (d,0) € p, 0 € 02}, map = {(0,d,0) | (d,0) €p, 0 € 01}.

When the command sets @5, and @4, are disjoint we may drop the tags
when referring to the commands in the combined abstract module. When we do
use the tags, we indicate them with an appropriately placed subscript.

An example of module combination is H+1L, which we use in §?7 as the basis
for implementing T. The combination comprises both the commands for manip-
ulating lists and for manipulating heaps, and their semantics are not allowed to
interfere with each other.

4 Module Translations

We define what it means to correctly implement one module in terms of another,
using translations which are reminiscent of downward simulations in [7].

Definition 15 (Sound Module Translation). A module translation A — B
from abstract module A to abstract module B consists of

— a state translation function [—] : Dy — P(Dg), and
— a substitutive implementation function [—] : Lo — Lp obtained by substi-
tuting each basic command of @5 with a call to a procedure written in Lg.

A module translation is sound if, for all p,q € P(Dy X X) and C € Ly,

Fa{p} C{¢} = Fre{lp]} [C] {[d}-

where the predicate translation [—] : P(Day x X) — P(Dg x X) is the natural
lifting of the state translation given by [p] = \/(d’g)ep[[d]] X 0.

We will see that sometimes the module structure is preserved by the transla-
tions and sometimes it is not; also, sometimes the proof structure is preserved,
sometimes not. Notice that, since we are only considering partial correctness, it
is always acceptable for the implementation to diverge. In order to make termi-
nation guarantees, we could work with total correctness; our decision not to is
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Fig. 3. An abstract tree from T (a), and its representations in H (b) and H x Ls (c).

for simplicity and based on prevailing trends in separation logic and context logic
literature [9, 2, 1]. It is possible for our predicate translation to lose information.
For instance, if all predicates were unsatisfiable under translation, it would be
possible to implement every abstract command with skip; such an implementa-
tion is useless. It may be desirable to consider some injectivity condition which
distinguishes states and predicates of interest. Our results do not rely on this.

Modularity. A translation A; — Ay can be lifted naturally to a translation
A1+B — As+B. We would hope that this translation would be sound, but this is
not necessarily the case. Here, we consider general techniques for defining trans-
lations that inductively transform proofs from module A; to proofs in module
Ay. These translations will be modular: the lifting gives a sound translation.

5 Locality-preserving Translations

Sometimes there is a close correspondence between locality in an abstract module
and locality in its implementation. Consider Fig. 3 which depicts a simple tree
(a), and representations of it in the heap module H (b), and in the combined
heap and list module H+1L (¢). In (b), a node is represented by a memory block
of four fields, recording the addresses of the left sibling, parent, right sibling and
first child. In (c), a node is represented by a list of the child nodes and a block of
two fields, recording the address of the parent and the child list. Just as the tree
in (a) can be decomposed (as shown by the dashed lined), its representations can
also be decomposed: the representations preserve context application. However,
we must account for the pointers in the representations which cross the boundary
between context and subtree. This means that the representation of a tree must
be parameterised by an interface to the surrounding context. Similarly, contexts
are parameterised by interfaces both to the inner subtree and outer context. We
split the interface I into two components: the reference the surrounding context
makes in to the subtree (the in part), and the reference the subtree makes out
to the surrounding context (the out part).

Consider deleting the subtree indicated by the dashed lines in the figure. In
the abstract tree, this deletion only operates on the subtree: the axiom for dele-
tion has just the subtree as its precondition. In the implementations, however,
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the deletion also operates on the representation of the surrounding context: in
(b), this is the parent node and right sibling; in (c), the parent node and child
list. We therefore introduce the idea of a crust predicate, Mm%, that comprises the
minimal additional state required by an implementation. The crust is parame-
terised by interface I and an additional crust parameter F' that fully determine
it. In the figure, the crusts for the subtree in (b) and (c) are shown shaded. (In
the list-based representation, the sibling nodes form part of the crust because
they are required for node insertion.)

We define a general notion of local translation, which incorporates three key
properties: application preservation, crust inclusion, and axiom correctness. Ap-
plication preservation, we have seen, requires that the low-level representations
of abstract states can be decomposed in the same manner as the abstract states
themselves. Crust inclusion requires that a substate’s crust is subsumed by any
outer context (together with its own outer crust). This allows us to frame on
arbitrary contexts despite the crust already being present (we simply remove
the inner crust from the context before applying it). Finally, axiom correctness
requires that the implementations of the basic commands meet the specifications
given by the abstract module’s axioms.

Theorem 1 (Locality-Preserving Translation). For interface set T = T, X
Zous and crust parameter set F, a locality-preserving translation A — B con-
prises:
— representation functions (=)~ : DaxZ — P(Dg) and (—)~ : CA X T xT —
P(CIB);
— a crust predicate MY, parameterised by I € T and F € F; and
— a substitutive implementation function [—] : La — L,

for which the following properties hold:
1. application preservation: for all f € P(Cy), p € P(Da) and I € Z,

(foup)' = 3 (N1 or (PN

2. crust inclusion: for all o_w?’,cgt) € Touwt, F € F, c € Cp, there exist f €
—
P(Cg), F' € F such that, for all in € Ty,

El.—>/ F in' out’ F’ d
. M e ((C ! =JeM= —; an
(3.0L, e GZ ) = fonl o

3. axiom correctness: for all (p,¢,q) € AXa, oul € Zouws and F € F,

Fo {0} Lol {17},

— —

out,F — ;
where (p)™"" =V (401,31 ﬁn%,% o ((d)™ou) x o.
This is a module translation, with the state translation function [—] : Dy —
P(Dg) defined by [d] = Jin. AL, — 0 {dyimeut. A locality-preserving translation
in,ou

is a sound translation.
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Proof. This theorem is proved by inductively transforming a high-level proof in A
to the corresponding proof in B, preserving the structure (The full details can be
found in Appendix A). Application preservation and crust inclusion allow us to
transform a high-level frame into a low-level frame, and axiom correctness allows
us to soundly replace the high-level commands with their implementations. The
remaining proof rules transform naturally.

If we choose to include the conjunction rule in our proof system, then we
would need to additionally verify that our representation functions preserve con-
—
junction and also that the crust predicate Jin. L — is precise.

in,ou

5.1 Module Translation: T — H

We first study the node-based representation of a tree which uses the heap
module given in §3.1. We choose to focus on individual nodes in the heap and
how these nodes link up with their surrounding nodes to form a tree structure.
Each node in the tree is represented by a memory block of four fields n — lu,d,r
where n is the address of the node, [ is a pointer to the node’s left sibling, u is
a pointer to the node’s parent, d is a pointer to the node’s first child and r is
a pointer to the node’s right sibling. The representation functions for trees and
contexts are given below. The out part of the interface, (I,u,7) € Nt x N*T x Nt
describes the targets of the left [, right » and up u pointers out of the interface.
The in part of the interface, (i,7) € NT x N* | describes the pointers into the
interface pointing to the first ¢ and last j of the top level nodes in the tree or
context.

(o)) = (i = 1) % (j = 1)
()@ Ewr) = 3d e (i = n) % (5 = n) % n o Luyd,r x ((¢) (@) (mullnnudl)
(tr @ o)) = 3d e, () 0D 5 (g (B9 ()

(D) e 2w (= ) (= 1) x (u = )% (2 1)

() G s Sd e (0= m) * (5 = ) ke Lugdr x () (o0 (et
(t® C>>§i/,j)»(l,u,7") = 3d,e. <<t>>(i,e),(l,u,d) " <<C>>§t/i,j),(e,u,r)
{(e® t>>(1i,’j)’(l’u’r) m=dd, e. <<c>>$i,’e)’(l’“’d) " <<t>>(d»j)’(e,u,r)

The crust, MY, parameterised by interface I = (i,5),(l,u,r), and free logical
variables F' = (f1, f2, f3, fa, [5, f6, f7), is defined as follows:

rmgyj)’(l,u’r) u= (I fiu,fa,iV (1= null x (u— f3,f4,0,f5 Vu = null)))
* (T = j?u7f67f7 Vr= nu’ll)

Definition 16 (Translation: T — H). The state translation is defined as:

[d] = 3, 5. ﬂg’?;l(::llll :;;lll ::llll) null null null) <<d>>(i’j)(”"ll’"“ll’"“ll). The procedures

constituting the substitutive implementation are given in Fig. 4.
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n.left £ n
nup 2 n 41
n.down £ n +2
n.right £ n +3
n := newNode() £ n := alloc(4)

disposeNode(n) £ dispose(n,4)

proc n':= getUp(n){
n':=[n.up] ;
}
proc n':= getLast(n){
local z in
n' := [n.down] ;
if n’ = null then skip else
z = [n'.right];
while z # null do
n' =z ;z:=[n".right|

}

proc newNodeAfter(n){

local z,y,2z in
y := [n.right];
z := [n.up|;
z := newNode() ;
[z.left] :=n ;
[z.up] := 2z ;
[z.down] := null ;
[z.right] ==y ;
[n.right] := z ;

if y # null then [y.left]: ==z

proc n':= getRight(n){
n' = [n.right]

}

proc n':= getLeft(n){
n' = [n.left]

}

proc n':= getFirst(n){
n’ := [n.down]
}

proc deleteTree(n){
local z,y,2z,w in

z := [n.right];

y := [n.left];

z = [n 'up] ’

w := [n.down] ;

call disposeForest(w) ;
disposeNode(n) ;

if = # null then [z.left] =1y ;
if y # null then [y.right] ==
else if z # null
then [z.down]:=z

}

proc disposeForest(n){
local r,d in
if n = null then skip else

r := [n.right];
disposeForest(r) ;
d := [n.down] ;
disposeForest(d) ;
disposeNode(n)

Fig. 4. Node-based tree module implementation
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Theorem 2. The translation defined above is sound.

Proof. See Appendix B.

5.2 Module Translation: T — H + L

We now study the list-based implementation which uses a combination of the
heap and list modules given in §3. As we have seen, each node of the tree is
represented by a list of addresses of the node’s children and a memory block
of two fields that record the addresses of the parent node and child list. The
representation functions for trees and tree contexts are given below. The out
part of the interface, | € (N1)*, is a list of the addresses of the top-level nodes of
the subtree. The in part of the interface, v € N*, is the address of the subtree’s
parent node. (We abuse notation, freely combining heaps and list stores with x.)

(@) 2= emp
(n[t])™® == Fi,lon — u,i x i = [1]* ()"
(t1 @ ta) =3y, la. (I = 1y + Io) = () * (t2)) >
(s sm (= 1) 5 (u = )
(n[dNE" =i, lon > uyix i = [1] % ()b
(t® )it = T, b (L= 1+ L) (8N % ()™
(c@ )y n= 3l (1= 1y + 1) * ()" = (£)'=2

The crust, M, parameterised by interface I = [,u and free logical variables
F = (l1,l2,u), is defined as follows:

*
@éjﬁlz’u s=Fiu— ki S [+ ] * ( H n'_)UI>
n€li+lz

Definition 17 (Translation: T — H + L). For a root address r, the state
translation is defined as: [d] = 3. 5™ x (d)b". The procedures constituting
the substitutive implementation are given in Fig. 5.

Theorem 3. The translation defined above is sound.

Proof. See Appendix C.

5.3 Module Translation: H + H — H

Another example of a local translation is given by implementing a pair of heap
modules H + H in a single heap H. The intuitive approach to this is to simply
treat the two heaps as disjoint portions of the same heap and use the same
commands for working with both.
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n.parent £ n
n.children 2 n + 1
n := newNode() £ n := alloc(2)

disposeNode(n) £ dispose(n,2)

proc n':= getUp(n){
local z in
n' := [n.parent] ;
/
z := [n'.parent] ;
if z = null
then n’ := null
}

proc n':= getlast(n){
local z in

z := [n.children] ;

n' = z.getTail()

}

proc newNodeAfter(n){
local z,y,2,w in

z := [n.parent] ;
z := [z.children] ;
y := newNode() ;
[y.parent]| :==z ;

z.insert(n,y) ;
w.newList() ;
[y.children] := w

}

proc n':= getFirst(n){
local z in
z := [n.children] ;
n' := z.getHead()

proc n':= getRight(n){
local z,y in
z := [n.parent] ;
y := [z.children] ;
n' = y.getNext(n)

}

proc n' := getLeft(n){
local z,y in
z := [n.parent] ;
y := [z.children] ;
n' ;= y.getPrev(n)

}

proc deleteTree(n){
local z,y,z in

z := [n.parent] ;

y := [z.children] ;
y.remove(n) ;

y := [n.children] ;

z := y.getHead() ;
while z # null do
call deleteTree(z);
z := y.getHead()
disposeList(y) ;
disposeNode(n)

Fig. 5. List-based tree module implementation
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Definition 18 (Translation: H+H — H). The state translation is defined as:
[(h1,ho)] = {h1} * {ho}. The implementation [C] is defined to be the detagging
of C: that is, heap commands from both abstract modules are substituted with the
corresponding command from the single abstract module. For example:

[n := consi(Eq,...,E;)] =n :=cons(Ey,...,Ex) = [n := consa(Eq,...,EL)]
Theorem 4. The translation defined above is sound.

Proof. 1t is easy to see that this translation meets the conditions laid out in
Theorem 1.

(Note, the represetation function in this case does not preserve conjunction.)

6 Locality-breaking Translations

There is not always a close correspondence between locality in an abstract mod-
ule and locality in its implementation. For example, consider an implementation
of our list module that represents each list as a singly-linked list in the heap.
In the abstract module, the footprint of removing a specific element from a list
is just that element in that list. In the implementation however, the list is tra-
versed from its head to reach the element, which is then deleted by modifying the
pointer of its predecessor. The footprint is therefore the list fragment from the
head of the list to this predecessor, significantly more than the single list node
holding the value to be removed. While we could treat this additional footprint
as crust, in this case it seems more appropriate to abandon the preservation of
locality and instead use a translation that gives a fiction of locality.

Consider a translation from abstract module A to B. With the exception of
the frame rule and axioms, the proof rules for A can be mapped to the corre-
sponding proof rules of B: that is, from the translated premises we can directly
deduce the translated conclusion. To deal with the frame rule, we remove it from
proofs in A by ‘pushing’ applications of the frame rule to the leaves of the proof
tree. In this way, we can transform any local proof to a non-local proof.

Lemma 1 (Frame-free Derivations). Let A be an abstract module. If there
is a deriwation of by {p} C {q} then there is also a derivation that only uses
the frame rule in the following ways:

I'-{p} C {q} ) FF{p} C {q}
I'E{fop} C{foq} I'{(Is x0o)op} C {(Ia x 0)0q}

where (1) is either AXIOM, SKIP or ASSGN.

Proof. See Appendix D.
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By transforming a high-level proof of k4 {p} C {q¢} in this way, we can es-
tablish Fg {[p]} [C] {[¢]} provided that we can prove that the implementation
of each command of @, satisfies the translation of each of its axioms under every
frame. (We can reduce considerations to any singleton frame by considering any
given frame as a disjunction of singletons and applying the DisJ rule.)

Theorem 5 (Locality-breaking Translation). A locality-breaking transla-
tion A — B is one such that, for all ¢ € Cy and (p,p,q) € AXa, the judgement
Fg {[{c} op]} [¥] {[{c}oq]} holds. A locality-breaking translation is sound.

Proof. See Appendix D.

If we include the conjunction rule, then we must verify that every singleton
context predicate is precise (i.e. the context algebra must be left-cancellative).

6.1 Module Translation: L — H

We show a locality-breaking translation I. — H, which implements abstract lists
with singly-linked lists in the heap.

Definition 19. The state translation from list-stores to heaps is defined induc-
tively as follows:

[0] ::=emp
[i =1« 1s] ::=False
[i = [1] % Is] ==3x.i — x % ()@ « [is]
e (£ =i =)
(@)= =z s vy
@+ DD =T (1)) ()

Note that not all list stores are realised by heaps: only ones in which every list is
complete. The intuitive reason behind this is that partial lists are purely abstract
notions that provide a useful means to our ultimate end, namely reasoning about
complete lists. The abstract module itself does not provide operations for creat-
ing or destroying partial lists, and so we would not expect to give specifications
for complete programs that concern partial lists.

Definition 20 (Translation: L — H). The state translation [p] is given by
Definition 19. The procedures constituting the substitutive implementation are
given in Fig. 6 and Fig. 7.

Theorem 6. The translation defined above is sound.

Proof. See Appendix E.
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z.value £ ¢
proc v := %.getHead(){ coext 2z 41
loia_lim[i]lfl z := newNode() £ z := alloc(2)
if'_:z: _ 'r’L'u,ll then v — z i := newRoot() £ 1 := alloc(l)
else v := [z.value] . disposeNode(z) £ dispose(z,2)
} disposeRoot (%) £ dispose(s, 1
proc v := i.getNext(v'){ proc v := 7.getTail(){
local z in local z,y in
w;:['i,]; (I)Z:[i};
v = [z.value] ; if z = null then v ==z
while v # v’ do else
z := [z.next]; Y= [z next] ;
v = [z.value] while y # null do
z := [z.next]; z:=Y;
if z = null then v :=1z y := [z next]
else v := [z.value] ) v := [z.value]
}
proc v := i.getPrev(v’){ proc 'zl.insert('u,'u.’){
local z,y in local u,z,y,z in
v = [z.value] ; ve= [z.value] ;
if v = v’ then v := null while u 7# v do
else z := [z.next] ;
while v # v’ do v = [z.value]
yi=z; y = [z.next] ;
A I
z := [y.next] ; Z = HGWN?Ee ',
v := [z.value] [z.value] := v’ ;
v = [y.value] [z.next] :=y ;
[z.next] := z

Fig. 6. Linked-list based list module implementation

6.2 Local Module Translation: L. — H

We show how we can also provide a locality-preserving translation . — H which
implements abstract lists with singly-linked lists in the heap. This translation
uses the same procedures as the locality-breaking translation. The representation
functions for list-stores and list-store contexts are given below. The interfaces
of this translation are given in terms of interface sets o, 0oyt : LADDR —gy,
N, mapping list addresses to interface pointers. The out part of the interface
describes the targets of the next pointers of the last node in each incomplete list
segment. The in part of the interface consists of the pointers to the head node



20 Thomas Dinsdale-Young, Philippa Gardner, and Mark Wheelhouse

proc t.deleteList(){
local z,y in

) . z = [i];
proc 4 := newList(){ while 7 £ null do
% := newRoot() ; Y=
(4] := null 2 = [y next] ;
} disposeNode(y)
proc %.push(v){ disposeRoot (%)

local z,y in

@ := newlode() ; proc %.remove(v){

[:c.value] = local u,z,y,2z in
y = [3i]; 2= (1]
[:f:.next] T u = [z.value] ;
[e]== y := [z.next];
} if v =
proc v := .pop(){ the.n
local z,y in [i] =9 ;
z = [3]; disposeNode(z)
if z = null then v :=z else
else u := [y.value] ;
y := [z.next]; while u # v do
[i]=1y; Ti=y;
v := [z.value] ; y := [z.next] ;
disposeNode(z) u := [y.value]
} z = [y.next] ;
[z.next] := z ;
disposeNode(y)

}

Fig. 7. Linked-list based list module implementation continued

of each incomplete list segment.

<<w>><7m,<70ut e emp if Oin = (Z) = Oout
"7 | undefined otherwise

(i =1 % 1s)TinoTout = (1) (in(D:00ut(D) y (([5))Tin—h00u—i
* (0in (1) 7 L) * (dout (i) # L)
(i = [1] * Ls)oinoout = Fp.j v @+ () @) 5 (15)Tin—HT0ur 1
¥ (04 (1) = L) % (0out (i) = L)

(et = (x = y)
((v>>(m’y) H=T 0,y
(YD 1= T2 () 0 (1)
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<<ls>>o'jin7o'<,)ut [ <<ls>>a-in_[71/jn7o'o1lt_o-louf

Tin 9out

(i = dexIsc) g o m= ()7 oo ()« (lse) g roe

TinO in(1),0 =0

(am( ) # L) (out (i) # )
* (03, (1) 7 L) # (000 (1) #

(i = [le] lscgimoet v= Fai v ax () 5700, o x (lse) o oo

N i (1,064 (4)
(Uzn(i) = L) (Uout(l) = )
* (07, (1) # L) * (064 (1) # L)

(=N, o= (@ = 2) * (v = )

) *
e+ D)) o= 3z () 77+ (1) =)
(U +1e) i o= 3o ()« 1)

The crust, @f , parameterised by interface I = 0y, 0oy and free logical vari-
ables F' = {l; | 0in(i) # L A oout(i) # L}, is defined as follows:
aF i ﬁ (oin(i) = L = oou(7))
e 1€0InNI€Tout v (Ui”(z) = x* Oour(1) =y *32.i = 2+ (i >>(Z $))
Note that i € o means that o(i) is defined either as L or some interface pointer
x.

Definition 21 (Translation: L — H). The state translation is defined as:

Hd]] = Elazn * <<d>>‘7imffout

o'zn Tout

The procedures constituting the substitutive implementation are given in Fig. 6
and Fig. 7.

Theorem 7. The translation defined above is sound.

Proof. See Appendix F.

7 Conclusion

We have seen how to define abstract modules in such a way that their combina-
tions and implementations can be reasoned about in a modular fashion. We have
defined a number of useful abstract modules and shown how to implement these
high-level modules in terms of low-level modules. In particular, we have shown
how to implement an abstract tree module in terms of a heap module and a
list module. We have shown that we can further refine this by implementing the
abstract list module in terms of a heap module. We also made the observation
that we can combine multiple abstract heap modules into a single abstract heap
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module. So the translations of this paper form a chain of implementations, as
shown in Fig. 1 in the introduction.

We have only scratched the surface of refinement in the setting of local rea-
soning. In particular, we are interested in exploring the fiction of disjointness in
more depth. With others, we have begun to investigate this fiction with work on
concurrent abstract modules [4], and we are keen to fathom fully these fascinat-
ing waters.
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A Correctness of the Locality-preserving Theory

We use the notation f —e g for the predicate {c | V¢/,c”" € C.(¢" =ced N €
f) = ¢’ € g}, and f e—g for the analogous predicate defined using ¢’ e ¢ (the
two right adjoints of context composition).

Assume that we are given:

— abstract modules A and B;

— a substitutive implementation function [—] : £, — Lg;

— aset T = Zj, X Loy of interfaces I = (%, cﬂ);

— a state representation function {(—)~ : Dy x T — P(Dg);

— a context representation function ((—)~ : C4 x T x T — P(Cp); and

— a crust predicate ¥ € P(Cp) parameterised by interface I € Z and by
F € F, for some set F.

Definition 22 (Intermediate Translation Functions). We define the inter-
mediate state-predicate translation (—) : P(D x X) X (Zous X F) — P(Dp x X)
and the intermediate context-predicate translation (—)_ : P(D x X) X (Zout X
F) X (Zout X F) — P(Dg x X) as follows:

()™ =\ (3in.ak o (d)™) x o

in,out
(d,o)ep
3 — - ’ in out’
out' ,F \/ v " F 7 F wn’,out
= n’ .M —e (din'. o ((c ' X o
()2 (Vin".aL, =~ (3in'.0L, . e {e)Z )
(c,o)ef

Assume also that the following properties hold:

Property 1 (Application Preservation). Context application is preserved
by the translation (_)! with respect to some interface I' = (in/, 0_>ut’).

(forp)t = 3 o2 (p)”

Property 2 (Crust Inclusion). For all ﬂf’,ﬂf € Tout, F € F, c € Cy there
—
exist ¢ € P(Cp), F' € F such that for all in € T;y

1 oF in' out’ F’
Jin'. A, — o (DTN ) =qgems —,.
in’,out’ in,out in,out

Property 3 (Axiom Correctness). For all (p,p,q) € AXy, out € Zows and
FeF . .
out,F out,F
Fs {0} o {ta)” "
We wish to establish the following:
Proposition 1. For all F,m and for all p,q € P(Ax x X) and C € Ly

Fhafp} Clgt = [1s {07} €] {(a™"},
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where

] = {f ) L gyt | iR — @) € Axa }

Nout' € To ANF' € F
The following lemma gives an alternative characterisation of the crust inclu-
sion property:

Lemma 2 (Crust Inclusion II). For all f € P(Ca) and all out', F, in and
—
out,

(i 0L, o (Z )

in’,out’ in,out
— ’ i oud ’
=120 (vm”.rmg,/ _ (am nE . e ()T ’i)) ot ..

—
V! ou in’,out’ in'’ ,out in,out

Note that the converse of this property is trivially true.

. . . — — —
Proof. Consider an arbitrary context assertion, f, and fix out’, F, in and out.
Fix ¢’ with

in’ out'
¢ €3in’.ak, o ( ’

in’,out’ 1_7;, out
= —>t/
in’,ou
=\ (3in'.nL, e ().
/out’ in,out

cef
There exists ¢’ € f such that

rwan’ oul’
¢ €Jin'. ﬂa ot ® {c ))mo_,ut

By the Crust Inclusion Property, there exist ¢ and F’ such that, for all in" ,

myin'oud’\ _ F’
(30" AL, o e (NE ) =qenl, . (1)

’ ’ .
Hence, ¢’ € gemE ., and so there are ¢; € gand ¢y € MY . with ¢ = ¢ ecs.
in,out in,out

e / F’ : / F’ :
Fix in” and ¢, e M, .. Since ¢; o ¢;, € go M=, ., it follows by (1) that
in'’ jout in’’jout

1"
)

/ imwin' out!
clec Jin'. L ° e
1 2 € < m/ le << ;L”,Out)
in’ out’
- Hm mE ° mosout
o * W2 S

The choice of ¢, was arbitrary, and so

_ A =credy, = € Jin'.AL, _ o (f)in ot

1" ’ ’ :
,out wn’,out in’’ ,out

Yy, d'. ch e ML
m
Hence

e el e (F0L, e ()

" =
,ou in’,out’ in’’jout
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N
and since the choice of in” was arbitrary,

c € Vin AL — e (Ezn ﬂ—> . e <<f>>f/ou_t:) .

in'’ jou in’,out’ in’’ ,out

Since ¢’ = c; ® ¢o,

’ ’ 1 ~F in’ out’ F’
¢ e IF. (Vin".aE . —e (3Jin'. AL e (f)Z ")) el ..
in'’,out in’ ,out’ in'’ ,out in,out
Since the choice of ¢’ was arbitrary, we conclude

(i 0L, o (Z )

wn,out

C 3F. (v%".@iﬂ/, . e (am nl . e f>>m“°”i)) ol _.

—
n'’ jout in’,out’ in’’ ,out

25

In order to prove Proposition 1, we use the Intermediate Translation Func-

tions, for which application preservation holds:

Lemma 3 (Application Preservation II). For all f € P(Cp x X), p €

,P(DA x 2)7 O—)’U’t S Iout and F € F
(\f opDOut,F - Hcm/,F/. (]fl)z—’lu;,l;, R (]pDoutl’F/ '

Proof. By applying Lemma 2 and Property 1, we get:

= \/ (Hzn ﬂ—> oui © {co d)}ﬁl"m/) x (o' % o)

(c,o’) e f
(d,o) €p
— ’ —_ — v—’/,—t’/ — —
= \/ (Elzn’. @%,7(%/ o Jin, out. <<C>>%Z£ o ((d))ln"’“t) x (o' * o)
(c,o) e f
(d,0) €p

= \/ (Elm out. Jin'. ﬂ-> = <<c>>1_75l§f/ o ((d))l_ﬁm) x (o' * o)

ut!

] ; F - 2l 2
Jin,out. IF. (Vin". 0L . — (Fin'. 0L . e (c)™ o
k) - .
in'’,out in’out’

— \/ in”,cm
F in,out
e oAl o (@) x (o 5 o)
—> —y F in' out
B Jout (\/(C oVef (‘v’m .@i_n)//,% —e (Hm ﬂfn v ® (<c>>m// ﬂ)) X 0) o

in,out

(Viamep (A5 = o (@)) x o
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The proof of Proposition 1 inductively transforms a proof in A to a proof in
B.

Proof (Proposition 1).

The proof is by induction on the structure of the proof of 4 {p} C {q} and
cases on the last rule of the proof. We assume as the inductive hypothesis that
the translated premises have proofs in B and show how to derive from these a
proof of the translated conclusion. (We omit the procedure environment when
it plays no role in the derivation.)

Frame:

Youl, F'. {(]pDOUt/’F/

i
vl B/ {11255 o (o)™}
{
{

FRAME

C {(]qDOut,7Fl}

—>7F —>,,F/
c {nZ", o ta™ "}
3@/7}71. (]fDlﬂlz,F ° (]qDout/,F'}

out’ ,F"’

P — DisJ
{Boul!, P ()21, o ()" }

{(7on)™"}

Lemma 3

Consequence:

/

p

—

(]p/DOut,F

N

p qCq

@ ™} {@™ ) @™ < @)

N

CoONs

Disjunction:

Viel {QPiD(m’F} C {GQiDm’F}
— — DisJ
{ ZG] out,F C

{(] le[pz out F} C { ZeIqiDout,F}
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Procedure Definition:

(30.P(0)x (7, =07 = )"
(f,: P> Q') el
VA= C;
0—>'U/t/€z-0ut7F/e'7: [[ ’ H
N — _ =\ pout ,F

(f;: PP —> Q") el , _
0wt € To, ' e 7 L TIT - “
{aw Q@™ x (3= — 7 = T)
G0 P(0)x @ = v rr =)
(£, P — Q) € [T]. [I",T]+ Ci
(35.0(W) x (7] = — 7, = @)}

() [0+ {(lpD"“t’:} ¢ {(a)""} .
{tp)>""'}
[I"] F procs 71 :=£1(z1){C1}, o T4 = fx(z7){Cx} in C
{(]qDout,F}

The cases for the remaining rules follow by the pointwise and variable-
preserving nature of the translation. a

This completes the proof of Theorem 1.
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B Correctness of the Node-based Tree Implementation

In the following section we show that the implementations for commands of our
abstract tree module are. We do this following the general theory for locality
preserving translations laid out in § 5. We need to show that the translation
from the abstract tree module to the node-based implementation satisfies the
applications preservation, crust inclusion and axiom correctness properties.

B.1 application preservation

We need to show that context application is preserved by the representation
functions for trees and tree contexts given in § 5.1.

Lemma 4 (Application Preservation).
(KopP)! = 3 (K)L«(P)"
Proof. Fix tree t. We wish to show, by induction on the structure of context c,
that (cot)! =3I ()], = ().
c= —: For {(—)1, to be defined, I = I'. Therefore,
3L (N o () = (D1 ()
= ()’
= ((cot)?.
¢ = n[c']: Assume I = (n,n)(l,u,r) for some [,u,r (otherwise, {(c))!, is not
defined).
A Dgx ()" =30 (nle D ()
=Jr. Hd, en — l,u,d,r % <<c/>>f[all,€)(null7n,null) " <<t>>I
=3d,e.n— l,u,d,r % <<C/ o t>>(d,e)(null,n,null)
= <<7’Z[C/ Ot]>>(n,n)(l,u,r)
= ((nl] o t)’.

c=c ®t': Assume I = (m,n)(l,u,r) for some m,n,l, u,r.

’

I (e (ey” =30 @ )T )
= 37 3d, e. () [T DEE) () @mdanr) o )T
= 3d, e. (¢ o t)MDEGwe) y (¢ (em)(dur)
= (¢ ot) @ t') (M) bur)
= (¢ @) oty

7

The remaining case (¢ = t' ® ¢’) follows a similar pattern.
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By induction, for all trees ¢ and contexts ¢, (cot)! = 3. (), * ()T
Suppose that K is a set of contexts and P a set of trees.

(KoP) =( \/ cot)!

ceK teP

Vo feot)!

ceK,teP

=V 3 (p ="

ceK,teP

=3\ ()"

ceK teP
=31 (K)j « (P)".

B.2 crust inclusion

Lemma 5 (Crust Inclusion). For all (m', F, (ﬂt},c there exist q, F' such that
—
for all in
(Hm 071 — % ((c))’:ﬁ/ﬂt/) =qgxnt .

ut! in,out in,out
P'roof. The proof is by induction on the structure of mg context c.

Choose F " = F and choose ¢ = emp if out’ = out and ¢ = False
otherw1se If out’ #* out then both sides are equivalent to False, so assume that
—, —
out’ = out. Observe

—
N
m ,out

Elznﬂ N (- U =@ _ xem
z_r;, ,out’ << >>%,out ﬁzout p
zn out”

¢ = n[c']: By the inductive hypothesis, there exist ¢/, F’ such that for all in

3d, ., w () D2 = g apl

(d 5) out! in,out n,out

Choose g = Jin'. ﬂ S ¥ in' = = (n,n) * ¢ and F’ as given. Observe

wout _ o4 =, .
Jin’. OTL i ¥ ((n[c’]»z_zf%t = Jin’. m\%7ﬁ, xin’ = (n,n) * 3d, e.n — Lu,d,r

" <<C/>> %,z)_:;ull ;n,null)

= Jin’. ﬂ—> ot «in’ = (n,n)

(d,e)(null ,n,null)

* dd, e. @(d g)(null n,null) * {( @

= Jin’. ﬂ—> . xin = (n,n)*q *mZ
’out’ in,out

zn out’
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¢ =t' ® ¢’: By the inductive hypothesis, there exist ¢, F’ such that for all in

—
Jadd  (dye),out”
. * *
Eld’ e m(d,e),out” <<C >>z'_1£,out q ﬂ;; Out

There are two cases to consider for the structure of ¢. The tree is either empty,
so t' = &, or non-empty, in which case In, t1,t2.t' = t; @ nfta]. We first consider
the case where t’ is empty, so t' = &

Choose ¢ = ¢, F = F” and F’ as given by the inductive hypothesis. Observe

Jin'. nL, =, « (¢ ®c>>l,” out! — g5, ﬁ—> — *((@@c))m out!

in’,ou in, out ,out in, out
= Jin'. ﬂm aav ¥ <<c’>>% Oi,ulit
=dd,e. ﬂ(d oo ¥ {c >>EZ eo)u:ut
= q * ﬂ;; (m
= q* 0 o

For the second case, where t’ is non-empty, we know that In, t1,t2. ' = t; @nlta].
Choose

qg=13d,e,l,u,r. (I — fru,fo,dV (I = null x (u— f3,f1,d,f5 Vu=null)))
" 3$7y’n’ t1, ta. <<t1>>(d,x),(l,u,n) % q/ " <<t2>>(z,—),(null,n,null)’
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F = (f1, f2, f3, fa, f5, f6, fz) and F’ as given by the inductive hypothesis.
Observe

—
Jin’. ﬂ~ S * (' ®c >>m ot — g5, @%/7(%, x 3, t1, ta. (t1 @ nlta] ® ¢ >>m out

mn, out mn, out
=dd,e,l,u,r.
(d, e) (lu,r)

in, out

Maey. (1) *30 t1, b (B @ nfto] ® )2

=dd, e, l,u,r. rm{;’e),(l’w) * dx,y, z,n,t1, ta.
(B sn o 2,z

* <<Cl>>%,%n,%?“) % <<t2>>(z,f),(null,n,null)

=3d, e, l,u,r. (I — f1u,fo,d
V(I = null * (u f3,f4,d,f5 Vu = null)))
* (r— eu,fo,fr Vr =null)x 3z, y,n, t1,ts.
<<t1>>(d7w)’(l’“’”) XN T,U,2,Y

* <<CI>>(_y,’e)_)’("’“’T) % <<t2>>(Z,—)7(null,n,null)

in,out
=3d,e, l,u,r. (I — fi,u,fa,d
V(I = null « (ur f3,f1,d,f5 V u = null)))
% 3w, y,m, b, to. () (47 @@/;e)(
% <<C >> (y,e) (n,u 7‘) <<t2>> (2,=),(null ,n,null)

n, out
=3d, e, l,u,r. (I — f1u,fo,d
V(L= null x (u— fa,fa,d,f5 V u = null)))
* dx,y,n, t1, to. <<t1>>(d,:v)7(l,u7n)
* q' * m}jo_{ * <<t2>>(Z,—),(null,n,null)

n,u,r)

zn out
The remaining case (¢ = ¢ ®t') is proved in a similar fashion, and hence, for

all ﬂf’, F, (ﬁ, c there exist ¢, F’ such that for all in

(Hm (I (<c>>iﬁ/ﬂt/) =gxmE _,.

in’,out’ in,out in,out
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B.3 axiom correctness

We need to show that the high-level axioms for the abstract tree module are
preserved by the node-based implementation. We do this in the presence of a
specification environment which allows for recursive procedure calls.

Let the specification environment I" be defined as,

r={ getlp: ()\e. 3, 5,08 5y * (I @ nlt] ® 7] A (e = n)»(z:j)(z,u,r))
(Av. i, j. rm@yj)(l’w) x ((m[t' @ n[t] @t A (v = m)»(i,j)(hum))

2. iy 5 ME )y * (] © mlt] A (€ = m) () Cer))

— (Av. 34, 5. ﬂ(i7j)(l7u7r) * ((m[t'] @n[t] A (v= m)»(z‘,j)(l,u,r))
getLeft : ()\e i, j. m(”)(lur) {(m[nlt] @ '] A (e n)»(i,j)(l,u,r))

X0 3, 50 5y * ([ @A (0 = null)»(i,j)a,u,ﬂ)
L n)) (G

Xo. i, .0 )y * ([ @ mIE] A (v = m)>><z:j><z,u,r>)
getRight : ()\e i, j. ﬂ(l D) * {(m[t' @ nlt]] A (e = n)»(i’j)(huw))

getLeft :

/N
—

getRight : ()\e 31, 5. ﬂ( ) * (nft] @ mlt] A (e

—~
I

getFirst : ()\e 31, 5. ﬂ(l D) * (nmt] @ U] A (e = n)>>(i’j)(l’“”")>

getFirst : ()\e i, 5. ﬂ( * (n[@] A (e = n)>>(i,j)(l,uvr))
030,58y * (12 (0 = nall)) ()0
getlast : ()\e i, j. ﬂ(”)(l wr) «{(n[t' @ m[t]] A (e = )>> J(u,r )
Xv. i, .0 5y * ([ @ mIE] A (v = m)»(z,a)(z,m))
ey * (018] A (e = m GG
. 3, §. mgd)(hu,r) * (n[@] A (v= null)>>(i,j)(l,u,r))
newNodeAfter : ()\e i, 5. ﬂ(”)(l wr) *{(nft] A (e = n)»(i,j)(l,u,r))
= (303000 * (Fm.nli] @ m{2]) () )

Ae. Ji, j. m(”)(l ) * {n[t] A (e = n)»(i,j)(l,u,r))

(Eliaj'm(i,j)(l,u,r) <<®>>(i’j)(l’“’r)>
disposeForest : (Ae. (£ A (e = n)) (W) (Gunull)) — (emp)

}

getLast : ()\e 3, j. ﬂ(

deleteTree :

/N

We need to show that the bodies of the low-level implementations for the high-
level tree commands satisfy this procedure specification environemnt.
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Lemma 6 (getUp body correctness). The implementation of getUp given
in §5.1 satisfies the procedure specification environment.

(33 onl SO e =)0

xn=exn = —
I'+ getUpy,qy N
30,4, 5 00 ) 10y * (mlt’ @ mlf] © 8] A (0 = m) (90
xn=—xn =0

Proof.

Je, i, j. ML m[t' @ nt] @ t"] A (e = n)) B Gwr) o = exn/ = —
(.9).(Lur)
*

i, j4,d,e,x,y,b, c. ﬂ(h (L, % (i=m)x* (j =m)sxm s Lu,d,r* (t')(d)(null,mn)
%7 — $7m,b7y % << >>( ,C ),(null n,null) <<tll>>(y7e) s(nymynall) o n

—\

=n*xn = —
{n—ambyxn=nxn = -}
n' = [n.up|;

{n—ambyxn=nxn =m}

{31 7 d, e, x,y,b,c. ﬂ (i), x(i=m)* (j =m)sxm i Lu,d,r* ()& (nullmn) }
)s

M- T m,b,y % << >>( ,C (null n,null) <<t”>> e),(n,m,null) n=n%xn =m
{Hv’i’j' MGy * (Ml @[] @] A (v =m)) B Ewr) s = —xn = v}

O
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Lemma 7 (getLeft body correctness). The implementation of getLeft
given in §5.1 satisfies the procedure specification environment.

{Ele,i,j. rm{;j)(l’uyr) w (mt') @n[t] A (e =n))EBNEw) xn = exn/ = —}
I'+ getleft,,

{Hv,i,j. rmgyj)(lw) * (mlt'] @n[t] A (v=m))ENEwr) xn = s p = v}

{3€7i,j- @gﬁj)(l’uﬂ x ((mnt] @ '] A (e = n))BDEwT) xn = exn/ = —}
I'+ getleft,,,,
{3U7i;j~ @g,j)(l,uﬂ,) * (mnft] @ U] A (v = null)) NG yop = —xp/ = U}

Proof. There are two cases to prove. In the first case the node n has a left sibling.

{36,308 1y * (mlE] @ 0l A (e = ) D000 x 0 = exnf = }
Eli’j’ Y, 2 W. rmgvj)»(hu,r) * (’L = m) * (j = TL) *Mm = lvuvxvn * <<t/>>(w,y), ol m, null)
* = myu,z,r k() B mullnnull) g g gon) =
{n—muzrxn=n*xn = -}
n’ = [n.left]
{n—mu,zrxn=n*xn =m}
{ 3, j,x,y, 2, w. rmg,j) L) * (i =m) * (j =n)*m— Lu,a,n x (') @) (null,mnull) }

N2

XM MLULZ,T * <<t>>(z’w)’("””’"’"“”) xn=n+n =m

{Elvaivj- @gd)(m)r) * (m[t'] @nft] A (v=m))ENEwr) xpn = —x o = v}
In the second case the node n does not have a left sibling.

{Ele,i,j e ) s« (mlnft] @ ) A (e = n)YENEwD) x 5 = exn! = —}
Fi, J, 2.y, Z, w. ﬂ( () * (i=m)*(j =m)*xm— Lun,r*n— null,mzxy
% << >>(x ,z),(null,n null) " << >>(y,w),(n,m,null) xXn=nsn = —

{n—nullmayxn=nxn = —}
n':=[n.left]

n— nullmazyxn=nxn = null
{ Y

3, J, 2,0y, 2, w. ﬂ(z’ N (L) (i =m)*(j =m)*xm e Lunrxn— nullmazy
% << >>(x ,2), (null ,n,null) " <<t/>> y,w),(n,m,null) xn=nxn =m
Jv,4,5.M ﬁ(”)(l wry * mnft] @ T A (v = null) ) BDGWT) o n = —x = v}

a



Abstract Local Reasoning 35

Lemma 8 (getRight body correctness). The implementation of getRight
given in §5.1 satisfies the procedure specification environment.

{Ele,i,j. rm{;j)(l’uyr) w (n[t] @ mt'| A (e =n))BDEwT) xn = exn/ = —}
I'+ getRight,,,,
{Hv,i,j. rmgyj)(lw) w (n[t] @ mt'] A (v=m))ENEwr) xpn = —xp/ = v}

{3€7i,j- @gﬁj)(l’uﬂ $ (mt' @ nlt]] A (e = n))BDNEwr) xn = exn/ = —}
I'+ getRight,,,,
{HUJ;J @g,j)(l,uﬂ,) * (m[t' @ n[t]] A (v = null))BNEET) yop = — s p/ = U}

Proof. There are two cases to prove. In the first case the node n has a right
sibling.

{EIeJ,j. rmg,j)(lﬁuyr) * (n[t] @ mt'| A (e = n))BDNEwT) s n = exn/ = —}

HZ.’j’xﬁy’Z7w'@gj) (Lu,r) * (Z = ?’L) * (J = m) *n — Lu,x,m
* <<t>>(m,y),(null,n,null) * TN MU, T K <<tl>>(w,z),(null,m,null) Xn=nxn = —

{n—luxzmxn=nxn = -}
n’ ;= [n.right]
{n—luzmxn=n*xn =m}
{ Ji,j, 2.y, Z, w. @g,j)7(17u77,) x (i =n)*(j =m)*n— Luxm }
% <<t>>(x,y),(null,n,null) KN MLUW,T <<t/>>(w,z),(null,m,null) xXn=nxn =m

{Elv,i,j. rm{;j)(lw) *((n[t] @ mt') A (v =m))ENEwr) = — 50 = U}
In the second case the node n does not have a left sibling.

{Ele,i, G0 5y * mlt @0t A (e = n)) EDEUD xn = e xn’ = —
{ Ji,j, 2.y, Z, w. @g,j),(l,u,r) w (i =m)* (j =m)*xm — Lu,z,r* (t)@y)(nullmn) }

/I

*n = ymaw,null * () (W2 (nullnnull) g — g o =

N

{n—ymuwmnull xn =nxn = —}

n' := [n.right]
{n—ymauwmnull x n =nx*n = null}
i, Yo 2w W ) gy * () % (= m) % s L () () (ruttmo)
*n = ymaw,null () (W02 (nulnnull) g — gy ! = null

{Hv,i,j. ﬁﬂg’j)(l’u’r) * ((mt' @ nlt]] A (v =null))BDEWT) x n = s 0 = U}

O



36 Thomas Dinsdale-Young, Philippa Gardner, and Mark Wheelhouse

Lemma 9 (getFirst body correctness). The implementation of getFirst
given in §5.1 satisfies the procedure specification environment.

{Eleviaj~ mg,j)(l,u,r) w (n[mft] @ '] A (e = n))BNEwT) s n = exn/ = —}
I'+ getFirst,,,,
{Hv,i,j. N * (lmlt] ® U A (0 = m)) 0D 5 = —xon = v}

{He,i,j. M)ty * ([P A (e = n)YEDEUr) x n = exn/ = —}
I'+ getFirst,,,,
{EI’U,i,j. @g J)(lu r) * <<TL[@] A (’U = n'u,ll)>>(i’j)(l’“”) X n # — X n’ :\/ ’U}

Proof. There are two cases to prove. In the first case the node n does not have
any children.

3,1, 5. M 5y * (D] A (€ = n)) BN sin S esen! = _}
Fi, §- MG gy oy * (G =1) % (G = n) # 0 Lunullr x n = nxn fz_}

{n—lunullyr xn=nxn = —}

n’ := [n.down]
{n—lLunullyr xn = nx*xn = null}

Eli,j.rmgj) Gy * (A =0) % (G =n)xn= Lunullr xn = nxn = null}
30,1, 400y * (0[] A (0 = nuld)) DG = — e = u}
In the second case the node n has at least one child.

Je,i, 5. AL . s (n[m[t] @ 1A (e = n))BDEGwr) s = exp/ = —
(4,5)(L,u,m)

di, j,d, x,y, z. rm{;jwyw) x (1 =n)*(j =n)*n— Lumr

* M — null,n,d,x " <<t>>(d,y),(null,m,null) % <<tl>>(z,z),(m,n,null) Xn=nxn = —
{n—lumrxn=n*xn = -}

n’ := [n.down]

{n—lLumrxn=n*xn =m}

3i,j,d,x,y, 2. @Z7j),(l7u,T) (i =n)x*(j =n)*xn— Lum,r

M — null,n,d,x " <<t>>(d,y),(null,m,null) " <<t/>>(x,z),(m,n,null) xXn=nsn =m

Jv,i,j5.mE * ((n[m[t] @ ] A (v =m))ENEwr) o = — w0 =
(@:7)(Lu,r)
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Lemma 10 (getLast body correctness). The implementation of getLast
given in §5.1 satisfies the procedure specification environment.

{EG;iaj- @{;J)(l,u,r) s ((n[t' @ m[t]] A (e =n))BNEWT) x n = exn/ = f}
I'+ getlast,,,,
{Hv,i,j. rmf‘; Dt * (" @m A (v= m))EDNEwr) sop = — 50/ = v}

{ae,i,j.rm{;j)(l wry * (0[] A (e = ) EDE0) s = exn = —}
I'+ getlast,,,,
{Hv,i,j. rmf‘;)j)(l)u’r) s (n[@] A (v =null)) CDEwT) = —xp/ = v}

Proof. There are two cases to prove. In the first case the node n does not have
any children.

Je,i, 5. ML . s (n[@] A (e = n))BDEUT) w o = exn/ = —
(4,9)(L,u,m)

N

i, j. @57]-)7(1,“7,.) x(i=n)x(j=n)xn—lunullyrxn=nxn = —}

{n>—>l,u,null,r>< n=nxn #—}

local z in
{n—lLunullyxn=nxn
n’ := [n.down] ;
{n—lunullyrxn=nxn =nullxz = -}
if n’ = null then skip else ...
{n—lunullyrxn=nxn =null vz = -}

f,—*mff—}

{n—lLunullyr xn=nxn = null }

Fi, 5o My oy * (G = 1) % (G = 1) 0 Lunullr X oo = nxn’ = null }

Ju,i,5.mE s (n[@] A (v = null))LDGwr) g = _sp/ =y
(1,9) (L,u,m)
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In the second case the node n has at least one child.
{3671'71 MG iy @y * (0l @ mt] A (e = n)) BN 30 = exn’ = *}

{ 3,5, z,y, 2. @57j),(l7u,r) x(i=n)*x(j=n)*xn— lLudr }
* ({t’>>(d7x)’(”“llvnvm) *m — z,n,z,null * ((t))(z’_)’("“”’m’"“”) Xn=nxn = —
{ne Ludrx (y(de)nullnm) s s xnznull x n = nxn = — }
local z in
n = Lauyd,r + () (G2 (ullnm) yom s gn 2 null
{xn#n*n’#—*m#— }
n’ := [n.down] ;
n = Lauyd,r x (/) (@) (rullnm) yom g n 2 null
xn=nxn =dtz = — }
if n’ = null then skip else
n = Lauyd,r x () (@2 (ullnm) yom s gn 2 null
{xnf/n*n’f,d*mfz— }

(t' = @) *nw— Lum,r e, w, t1, ta. (' = d[t1] ® t2) * n+— Lu,d,r
*m — x,n,z,null vl d — null,n,ew * ((t; ) (&) (rull.dnull)
xn=n+n =m s ((to ) (W) (dmam) o s g m 2 el
x T = — xn=n*n =drxz = —

z := [n'.right];
(t' = @) *n Lum,r e, w, t1, ta. (' = d[t1] ® t2) * n+— Lu,d,r
*m — x,n,z,null vl * d — null,n,ew * (t; ) (&) (rull.dnull)
xn=n+xn =m s ((to)) (W2 (dmam) s s g n 2 el
x ¢ = null xn=n*n =d+xz=w
n— lLu,d,r Ja, b, e, w, to, t1,t2. (' =to @ b[t1] ® t2)
% <<tl>> (d,z)(null ,n,m) 70— l,u7d77ﬂ % <<t0>> (d,a)(null,n,b)
xm = zn,znull | V| b an,ew x () (©7) (null bnull)
xn=n+n =m K ((to) (o) (Omm) yom s 2z, mull
x z = null xn=n+n Sbrxz=w

while z # null do
Ja,b, e, w, o, t1,ta. (t' = to @ b[t1] @ ta) * 0 Lu,d,r * (to)) (&) (muil,n.b)
b an,ew * ((tg) (@) mulbbmull) g W (w,z),(bnm) w92 il
xn=nxn Sbxzc=w
n' =z ;
Ja,b,e,w, to, t1,ta. (' =ty @b[t1] @ to) * n — Lu,d,r * (o) (he) (nulln.b)
*b— a,n,ew * <<t1>>(e,f)(null,b,null) % <<t2>>(w,z),(b,n,m) £ M — x,n,z,null
Xn=n+n Swrz=w
da, b, c,e, f,w, tg,t1,t2,t3.

n— lLu,dr (t' =to ® b[t1] ® c[ta] ® t3)

% ((t') (o) (nalln,m) wm e Lu,d,r * ((to)) () (nulln.b)
sm— znznull | V] kb an,ecx (t)(e) (null,bnull)
xn=nxn =m s ¢ byn, fow * ((tg) (/) (null,cnull)
xT =m s ((tz) (W2 (emm) yom s 1 n, 2 null

Xn=n+n =Sc*xzT =c
z := [n'.right]
3a7b70767f7w7t07t17t25t3'

n— Lud,r (t" = to ® b[t1] ® c[ta] ® t3)

% ((¢)) (@) (null n,m) s Lu,d,r + (to) () (nulln.b)
sm— znznull | V] kb ange,cx (tg)(e ) (nullbnull)
xn=n*n =m s ¢ by, fow * ((tg) () (null,cnull)
xz = null s ((ta)) (W) (emm) yom s 1 n, 2 null

Xn=n*xn Scxz=uw
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n— lLu,dr da, b, e, w, tg,t1,to. (tl =t ® b[tl] ® t2)
x () (dw) (null,n,m) w0 Luyd,r x (o) (d@) (null,n.b)

xm — x,n,z,null V| *b— an.ew* <<t1>>(€7—)("ullybvnull)
xn=nkn =m s (to ) (@@ (0mm) w2, 2 mdl

x z = null xn=nxn =Sbxzc=w

n = Luyd,r x (@) (G2 mubnm) o s gn 2 null
xn=nxn =mx*z = null
{n = Layd,r x () (G2 (rullnm) yp s g nznull xn =nxn = m}
i, j,w,z,y, 2. @g,j),(l,u,r) x(1=n)*(j =n)*n— Ludr
% <<t/>>(d,x),(null,n,m) %M — J:,n,z,null % <<t>>(z,—),(null,m,null) xn=nxn =m

Jv,i,5.ME Ly ([ @mt]] A (v=m))EBDEwT) n = ! S
(2,5) (Lu,r)

O
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Lemma 11 (newNodeAfter body correctness). The implementation of
newNodeAfter given in §5.1 satisfies the procedure specification environment.

{36,050 )10 * () A (e = ) 002 5 = e}
I+~ newNodeAfter;oqy

{Hz . ﬂ(”)(lur) (Fm.n[t] @ m[@])EDEwr)  p = —}
Proof. Let F = (f1, fa, f3, f4, f5, f6, f7)-

{Eleviaj 05])(l w,T) <<n[t] N (6 = n)>>(i7j)(l7U)T) xXn = 6}

d, e. m(f17f2,f37f47f57f6,f7) % (i =n)

G (L) x(j=n)xne— Ludr

<<t>>(d,e),(null,n,null) Xn=n
Ad,e. (I — fr,u,fo,nV (I = null x (u— f3,f4,n,f5 Vu = null)))
{ (1 = o, fo, fr Vr = null) xn — Lu,d,r x (t)(&e)(mullnnull) op — n}
{n — Lu,d,r* (r = nu,fe,frVr=null) x n = n}

local z,y,2z in

{n — Lu,d,r = (r = nyu,fe,fr Vr = null) }

3, 4,

XN =SNnN*xT = —%y = —%2 = —
y := [n.right];
z :=[n.up|;
n— Lu,dr (r— nu,fefrVr=mnull)
{xn#n*m;\—*y#r*z#u }
z := newNode ;
Jz.n — Ludyr* (r— nu,fe,fr Vr=null) sz — —— — —
XN SN*kT STxyYy ST%x2 = U }
[z.left] :=n ;
[z.up] := 2 ;
[z.down| := null ;
[o.right] =y ;
[n.right] ===z ;

Jz.n — Lu,dx * (r = nu,fe,fr Vr =null) « 2 — nu,nullr

XN =N+T=T*xYy =r*xz=uU }
if y # null then [y.left]:=

Jz.n— Lu,dx*x (r— zu,fe,fr Vr = null) x x — nunullr
XN SN*kT STxyYy ST*x2 =U

{3z.n— Ludx x (r— xu,fe,fr Vr =null) xz — nunull,r x n = n}

Ad,e,z. (I — fru,fon V(= null x (u— f3,f4,n,f5 Vu=null)))

x (r— zu,fe,fr Vr=mnull)xnw— lLudx*z— numnullr

% <<t>>(d,e) s(null n,null) o n=n

3, j,d, e, x. ﬂ{;;’;z({iﬁ‘)’fs’f‘"’ T (i =n) « (= 2)
Xn=n

w0 = Lu,d,x x x> nau,null s (t)(de), (mullnnull)

30, AT T s (nft] @ @[@]) ) Cun) n = n )
i, 5. ﬁﬂ(i’j)( ) * (Fm.nft] ® m[@]) EDGwr) i p = —}

lLau,r
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Lemma 12 (deleteTree body correctness). The implementation of
deleteTree given in §5.1 satisfies the procedure specification environment.

{Be,1, .08 e * (Ll A (e = ) EDED s = e
I'+~ deleteTree;oqy
{Hi’j' MG iyt * (@NEDEET) 50 = —}

PT'OOf. Let F' = (flaf?vf?nf47f57f6af7)'
{Ele,i, G0y * (D) A (e = ) EDE0T) 5 g = e}

3, j.d, e. rmEil];)Jjaﬁ;f)mfmfs,fﬂ % (’L - n) " (] - ’I’L) wn— Lu,d,r
% <<t>>(d,e),(null,n,null) xXn=n

local z,y,2z,w in

dd, e. @E{Ll;lf)z,({i;%)’fsyfa,fﬁ s« Lu,d,r <<t>>(d,e),(null,n,null) }

XN =N+ = —%y =S —%2 = — %W = —
:= [n.right] ;
= [n.left];
:= [n.up] ;
:= [n.down] ;

T
Y
z
w
{ 3d, e. rm(flﬁfz,fs,fz;,fs,fa,fﬂ wn o Ludr* <<t>>(d,e),(null,n,null) }

(n,n),(Lu,r)
Xn=n*xc=rxy Slxz =Suxw=d
call disposeForest(w) ;

{Hd. rmgll;f?&{i;f;‘)’f&fs’ﬁ) xni=ludrXn=n*xz=rxy Sltz =Sutw= d}

call disposeNode(n) ;
{ 3d. rm(fl;f27f37f47f5;f67f7) %

(o) (L) n;\n*m#r*y#l*z#u*w;\d}
{Eld. (I — fiu,fo,nV (1 = null x (u— f3,fa,n,f5 Vu=null)

)
x(r—nufe,frVr=null) xn =nxz=r+xy Slxz Suxw=d
if z # null then [z.left]:=1y ;
)

Ad. (I — fru,fon V(I = null x (u — f3,f4,n,f5 V u = null)
{*(THl,u,fg,ﬁ\/rinull)xnf/n*mf/r*yf,l*z f/u*wf,d}
if y # null then [y.right]:=1z

Ad. (I — fru,fo,r V(1= null « (u— f3,fs,n,f5 Vu = null)))
{*(r»—»l,u,fg,ﬁ\/r'null)xnf/n*m;\r*yf,l*z f,u*wf,d}
else if z # null then [z.down|:= =z

Ad. (I — fr,u,fa,r V (I = null x (w— f3,f4,7,f5 V u = null)))
{*(7“»—>l,u,f6,f7\/7“inull)xnf/n*xf/r*yf,l*z f/u*wf,d}

{Hd.@Efll’)f?l’fg“’fs’fﬁ’fﬂ Xn=n*xT=r*xy =l*xz=u*rw =>d}

{@Ef}l’)ﬁl’ﬁ%%fs,fs,f7) n = n}

{30,000 BT I s i =) (2 ) < m = )

{Hi’j' Mgyt * (B n = _} .
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Lemma 13 (disposeForest body correctness). The implementation of
disposeForest given in §5.1 satisfies the procedure specification environment.

{Ze. (tA(e= n) ) (D) (Lunull) o gy — e}
Ik deleteTreepoqy
{emp x n = —}

Proof.

{Ze. (t A (e = n)Ym)bunull) 5y = e}
local r,d in
{(eymGunill) 5 g = psr = —xd = —}
if n = null then skip
(t = @) A <<t>>(null,j),(l,u,null) emp X n = _
{ xnf/null*rz\,—*df/—} = {*'Pfx—*dﬁ/—}
else
{3t1,ta. (t = nft] @ to) A () lumel) s p = papr = —xd = —}
37517 to, T, Y, 2.1 — l,u,m,y % <<t1>>(x,z),(null,n,null)
{ s (to) W) unull) g = yr = — 5 d = — }
r := [n.right];
ch to, X, Y, 2.1 — l,u,x,y * <<t1>>(9c,z),(null,n,null)
{ s ((ta) W) nunull) g — oy =y xd = — }

disposeForest(r) ;

b1, z,y, 2. — Lux,y * <<t1>> (z,2),(null ,n,null)
{xnf/n*rf/—*dz\/— }
d := [n.down] ;

Xn=n*xr=—%xd=z
disposeForest(d) ;
{3x,y.n»—>l,u,x,y><nf/n*'rf,—*df/—}
disposeNode(n)
{empxn=—%r=—%xd=—}

{fempxn=—%xr=—%xd= —}
{emp x n = —}

mha%anme*wm“”“W%MM}

O
Finally, we observe that for all [,u,r, F and (p, 7 := f(f))7 q) € Axr
rE )"y call 7= £(E) {7
where (p) """ = Ve, 3 A8+ (@) ODED X ol This follows

directly from the PCALL rule and the definition of I".
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C Correctness of the List-based Tree Implementation

In the following section we show that the implementations for commands of our
abstract tree module are correct. We do this following the general theory for
locality preserving translations laid out in § 5. We need to show that the trans-
lation from the abstract tree module to the list-based implementation satisfies
the application preservation, crust inclusion and axiom correctness properties.

C.1 application preservation

We need to show that context application is preserved by the representation
functions for trees and tree contexts given in § 5.2.

Lemma 14 (Application Preservation).
(foph! = 3 ()1 * ()"
Proof. Fix tree t. We wish to show, by induction on the structure of context c,

that (cot)T = 3. ()L, = (t)T.
c= —: For {(—)%, to be defined, I = I'. Therefore,

3 (N ()" = (DT ()

’

¢ = n[c]: Assume I = n,p for some p (otherwise, ((c))!, is not defined).

A (eDg ()" =30 Gl ()"
=303, l.n— pixi =[] (N (1)
=3i,l.n pixie[l]*{(c ot)t"
= ((n[c/ o t])™"
= (n[c]ot)".

c=c ®t': Assume I = [, p for some [ and p.

' (e ()" =3 @ UNFF ()"
=303, by (I = 1y + L) = ()P ()P % ()T
=3y, 1o (1 =15 + 1) % (¢ o t)1P 5 (') 2P
=((dot)@t)P
={(d@t)othl.

The remaining case (¢ = t' ® ¢’) follows a similar pattern.
By induction, for all trees ¢ and contexts ¢, {(cot)! = II". ()L, x ()T .
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Suppose that f is a set of contexts and p a set of trees.

(fom'=( \/ cot)’

cef,t€p

V' (eot)!

cef,t€p

V' 3+ ()"

cef,tep

=3\ e+ )"

cef,tep

=31 ()i * ()"

C.2 crust inclusion

Lemma 15 (Crust Inclusion). For all (E%’, F, 0—>ut, c there exist g, F' such that
—
for all in

in’ out’
(3 0L, o o)z 2 ) =g 0l .
Proof. The proof is by induction on the structure of the context c.
c = Choose FL F and choose ¢ = emp if out' = out and q = False
cil;erwm_e) If out’ # out then both sides are equivalent to False, so assume that
out’ = out. Observe

=
' out’ __
Jin’. ﬂ—» — w (=)D :@i-»*emp
n’,out’ in,out ,out
=q* ﬂ_> .
wn,out

¢ = n[c']: By the inductive hypothesis, there exist ¢’, F’ such that for all in

3. m“"“t * () =4 *%(m

Choose ¢ = ﬂ_>/ — % n' = n ¢ and F’ as given. Observe

in’,out’
T — — —
/ ,out' __ 571 A . /-
Jin’. AL s (n[d])Z 2 = Fin' @k . xin’ =nx3li.n— out',i
in/, out’ in,out in’,out’

wims 1] (@)

n,ou

<
Q
&+

—,

out’ U,
= Jin'.AL, — kin’ = a3l x ()
in’,out in,out
—,
—ﬂm M . win’ =nxq e
in’out’ in,out
=q* ﬂ_> — .

in,out
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¢ =t ®c’: Observe that there is exactly one choice of I; such that ((t’))ll"m'
is defined. Let {1 be that choice. Observe also that there exists a ¢’ such that

*
((t/»il"m/ =q * H n — out’.

nely

Let (I1,15,p’) = F. By the inductive hypothesis, there exist ¢”/, F’ such that for
—
all in

1 400,1 out’ N '

e ] .
la;n in,out in,out

Jly.m

— -_’/l—;s/
Jin'. rm%,ﬁﬁ;/, * (' @ /)2

Jin'. Ji.out’ > p'igxi = [+ in' + 1]

# (Thery o oud') s Q)0 5 300" = 1 + 1 + ()22

Ao Fioout — plixies [l +0+1+1]

_
#(Mnctysay m e ou) g’ (T, o oul') = ()52

/ V11,15, 0ut Lz, out’
=¢q x3Jly. M2 * (N2
q 2- M, i << >>z7lo_’ut

_ 17 F’
=q * * M- —s.
q q ﬁz,out

The remaining case is proved in a similar fashion, and hence, for all out’, F,
— —
out, c there exist ¢, F’ such that for all in

El'_)/ F in' out’ F’
m . m * ((C ! =qg*xMm .
( Lo (@22 ) =gl
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C.3 axiom correctness

We need to show that the high-level axioms for the abstract tree module are
preserved by the list-based implementation. We do this in the presence of a
specification environment which allows for recursive procedure calls.

Let the specification environment I" be defined as,

r

{ getUp : (Ae. 3., * (mt' ®@nlt] ® '] A (e = n)>>l’")
()\11. A, x (mlt' @n[t] @ t"] A (v =
getLeft : ()\e .mf, * <<m[t’] @nlt]A (e = n)))“‘)
(
getLeft : </\e 3.AF, * ((m[n[t] R U] A (e = n)>>l’“)
(Av. .08, * (mlnt] ® ] A (v = null)})l’“>
getRight : (/\6 .mf, * <<n[t] @mlt'| A (e = n)>>l“>
()\v. 3.0, * (nlt] @ mt'] A (v = m)}}l’“)
getRight : </\e 30.0F, * (mlt’ ®nlt)] A (e = n)>>l»u)
- ()\v. .08, * (mlt’ ® nlt]] A (v = null)})l’“)
getFirst : ()\e. 3. A5, * (nmlt] ® ] A (e = n)>>l’“)
R ()\v 307, * (n[mlf] ® ] A (v = m)>>17“>
getFirst : </\e. .08, * (n[2] A (e = n))t )
- ()\v .08, * (n[2] A (v = null))" )
getlLast : ()\e. 3l. ﬁﬂf:u * ([t @ mlt]] A (e = n))b ")
o ()\v. .07, * (nt' ® mlA)] A (v = m)>>l’“>
getlast : ()\e. 4. rmf *x (n[@] A (e = n)))l“)
(
(

newNodeAfter : (x\e.Ell.ﬁﬂF *

deleteTree : ()\e Al. Ol u ¥ (it A (e= n)»lu)

}

We need to show that the bodies of the low-level implementations for the high-
level tree commands satisfy this procedure specification environemnt.



Abstract Local Reasoning 47

Lemma 16 (getUp body correctness). The implementation of getUp given
in § 5.2 satisfies the specification environment.

{Ele,l. My, * (m[t’ @ nft] @ "] A (e = Nt xn =exn = —}
'+ getUp,qy
{Elv,l. AF, * (mlt' @ nl) @ €] A (v = m))e x n = —xn’ = v}

Proof. Let F = (u/,1],15).

{ae,z.rmﬁu s (mt @nlt] @ "] A(e=n))o* xn = exn = —}

W lyyisjokous ks k e[ +m+ ] | [ v

sm o w2 [l 40+l ()™ sk n e myg kg e [1] x (1)1
(") xn =S nxn = —
{n—mjsm—uixu—u.kxn=nxn = —}

local z in

{n—mjsm—uisu—ukxn=nxn =—xz=—}
/

n’ ;= [n.parent] ;
{n—mjsm—uixu—ukxn=nxn Smxz = —}
z := [n'.parent] ;

{n—mjsme—uixu—u kxn=nxn =mxz = u}
if £ = null then n’:= null
{n—mjsmm—uixu—ukxn=nxn =mx*z = u}

{n—mjsmm—uixur—ukxn=nxn =m}

3 layis g kow s u ks ke [+ m+ ] | [ v
xeli+1)

em s wix i B [l n 4+l ()™ en i mygx e (U] ()"

("™ xn S nxn =m

{Hv,l. M, * (mt’ @nt] @ "I A (v=m))"" xn = —xn' = v}
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Lemma 17 (getLeft body correctness). The implementation of getLeft
given in § 5.2 satisfies the procedure specification environment

{Ele,l. AL, * (mlt] @n[f] A (e =) x n = exn’ = f}

I'+ getleft, .
{Hv,l. M, * (mlt'] @nt] A (v=m))l" xn = —xn = v}
{Ele,l. M, * (mn[t] @ 1A (e = MW xn=exn = —}
I'+

getLeft, ;,
{Elv,l. AF, * (mnl] @ Y] A (v = null))" x n = —xn' = v}

Proof. There are two cases to prove. In the first case the node n has a left sibling
Let F = (v/,1},15).

e

{Ele,l. AF, * (mlf] @ nlt] A (e =n))l xn = exn’ = —}

*
Ji, gl u— v jxje [l +m+n+15]* H U

zel|+1)
s (mE )™ sk n = ik i = [ U] ()" xn = nsn = —
{lu—vjxje[li+m+n+l]sn—uixn=n*xn = —}
local z,y in
ur—uw jxje [l +mAtn+lh]xn— ui
xnf/n*n' = -

[n.parent] ;

*:I:—/—*y—/—

n—/n*n —/—*:E—/U*y—/—

T
y := [z.children] ;
n'

uHu]*]i:)[l'+m+n+l2 * T U0
Xnﬁn*n */—*mﬁu*y*/]
:= y.getPrev(n)

un—>u,j*j|:>[ll+m+n+l2 * N = Ul

Xn—/n*n —/m*$—lu*y—/]
{u—vjxjelli+m+n+l]sn—uixn=nxn =m}
Fi, 5, u—u jxje [l +m+n+15]* H T u

z€l 41}
(M) sn = uixi U] ()" xn=nxn =m

{Elv,l. M, * (mlt'] @ nlt] A (v =m))!" x n = }

r—>u,]*]b>[l’+m+n+l’ *n»—>uz}

xn=—%xn =v
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In the second case the node n does not have a left sibling.

{ae,z.rmfju s (mnt] @ V] A (e =)ot x n = exn’ = f}
Hi,l’,l’,’,,j.rmfu*,mn—>u,i*ih:>[n+l’]*n'—>m7j*jt:>[l”]
* (N (N x n = nxn = —

{meuixis[nt+l]*sn—mjxn=nxn = —}
local z,y in

{meuixis[n+l]lsn—mjixn=nxn = —xz=—xy = —}

z := [n.parent] ;

{m—uixin+l]sn—mjixn=n*xn = —xz=mxy = —}

y := [z.children] ;
{meuixis[n+l]lsn—mjixn=nxn = —xz=mxy =i}
n' := y.getPrev(n)

49

{me—uixis[n+l]lsn—mjixn=nxn =S nullxz =mxy =i}

{meuixis[nt+l]*xn—mjxn=nx*xn = null}
i, U1, 5.0 s mo— wiok i = [n 41 xnmyg o« g e (1]
s (N s (Y x n = k! = null

{Hv,l. My, * (mn[t] @ 1A (v = nul))" x n = —x 0 = v}
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Lemma 18 (getRight body correctness). The implementation of getRight
given in § 5.2 satisfies the specification environment.

{Ele,l. AF, * (i @ m] A (e =n))" x n = exn’ = —}
I'+ getRight,
{Hv,l. M, * (] @ mi'| A (v=m))l" xn = —xn/ = v}

{He,l. M, * (m[t’ @ nlt]| A (e = MW xn =exn = —}
I'+ getRight, ;.
{Elv,l. AL, (mlt' @ n[f)] A (v = null))1* x n = —xn' = v}

Proof. There are two cases to prove. In the first case the node n has a right
sibling. Let F = (u/,11,15).

{He,l. rmfu s (ntf@m[t']A(e=n))% xn =exn = —

i ju—d il +n+m+ 5] H xHu)
z€l +1),

s wyix i B[] ()"« (mE])™ " xn S nxn = —
{u—ujxjelli+nt+m+llsn—uixn=nsn = -}
local z,y in

ur— v jxje[ll+n+m+lh]xn— ui
{xnfzn*n’fz—*mfz—*yf/— }

z := [n.parent] ;

r—>u,g*yb>[l’+n+m+l’]*nr—>uz
{ Xn=n n = —xz=Sury = — }
y := [z.children] ;

u— v jxje[ll+n+m+lh]xn— ui
{xnﬁn*n = —xTSuxy =] }
n' := y.getNext(n)
ur— v jxje [l +n+m+lL]xn— ui
Xn=nxn Smsrc=uxy =j }
{lu—vwjxje[li+n+m+l]sn—uixn=n*xn =m}
i jours gl Fn+m 1] H T u

z€l +1),
ks i k0 B[]+ ()" (m])™ " xn =nxn =m

{Hv,l.mfu s (nft] @ M) A (v =m))"* x n = —xn' = 11}
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In the second case the node n does not have a right sibling.

{3671. AL, * (mlt' @ n[] A (e =) x n = exn’ = f}

Ei,l',j,l”.rmfu*mHu,i*ib[l'Jrn]*((t’))l/’m*nHm,j
kg (U] () X m = e = —
{Mme—uixi=[l+n]lsn—mjixn=nxn = —}
local z,y in

{meuixis[l+nlsn—mjixn=nsxn = —xz=—xy =
z := [n.parent] ;

{meuixi=[ll+nlsn—mjixn=nsn = —xz=>mxy =
y := [z.children] ;

{m—uixi=[l+n]sn—mjixn=n*xn = —xz=mxy =i}

n’ = y.getNext(n)
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{m—uixi=[l'+nlsn—mjixn=n*n =nullxz =mx*y =i}

{meuixi=[+n]xn—mjxn=n*xn = null}

Ei,l’,j,l”.rmfu*mHu,i*il:>[l’+n]*<<t’>>llvm*nr—>m,j
w1+ (W' xn=nxn = null

{Elv,l. AF, % (mlt’ @ nlt]] A (v = nul))0 x n = — s = v
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Lemma 19 (getFirst body correctness). The implementation of getFirst
given in § 5.2 satisfies the specification environment.

{He,l. M, * (nm[t] @ ] A (e =n))" xn=exn = —}
I'+ getFirst,,,,
{av,z. AL, * (niml] @ ] A (v =m))l" xn = —xn' = v}

{ae,z.rmfu s (N[ Ale=n))" xn = exn = f}
I'+ getFirst,
{Hv,l.rmﬁu * ((n[2] A (v=null))* x n = —xn = U}

Proof. There are two cases to prove. In the first case the node n has at least one
child.

e, LA, + (nml] @ '] A (e = n))e x n = exn = —}
Ell,i,l'.@f:u*n»—>u,i*il:>[m+l’]*((m[t]»m’"*((t’))lI’” xn=nxn #—}
{n—uixiem+l]xn=nxn = —}
local z in

m—uixis[m+l]xn=n*xn = —xz= -}

z := [n.children] ;

{n—uixi=m+l]xn=nxn = —xz =i}

n’ := z.getHead()

{n—uixis[m+l]xn=nxn =mx*z =i}
{n—uixiem+l]xn=nxn =m}
3, VA, ko ik i = [m U] (mlt]) ™" @Y xn=nxn = m}
o, .85, {(n[m[t] ® ] A (v = m)) x n = — % n/ ;\v}

In the second case the node n does not have any children.
Je,1.af, * (n[@] A (e =n))l" xn = exn/ f/—}
Ell,i.rmfu*n»—»u,i*ib[s]xn#n*n’#7}
{n—ui*xiele]xn=nxn = —}
local z in

{n—uixiselxn=n*xn = —xz = —}
z := [n.children] ;
{n—uixiee]xn=nxn = —xz =i}
n' := z.getHead()
{n—uixi=e]lxn=n*xn = null xz = i}
n—uixis[e]xn=nxn = null}
Ell,i.rmfp*nHu,i*ih:)[e]xnffn*n’f,null}

3o, 1.5, « (n[2] A (v = null))1* x n = —xn' = v}
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Lemma 20 (getLast body correctness). The implementation of getLast
given in § 5.2 satisfies the specification environment.

{He,l. M, * (' @ mt]| A (e =n)) xn=exn = —}
I'+ getlast,,,,
{av,z. AL+ (' @ ml] A (v =m))!" xn = —xn' = v}

{ae,z.rmfu s ([ Ale=n))" xn = exn = f}
I'+ getlast,,,,
{Hv,l.rmﬁu * (n[2] A (v=null))* x n = —xn = U}

Proof. There are two cases to prove. In the first case the node n has at least one
child.

e, L., + (nlt' @ ml] A (e =) x n = exn = —}
Ell,i,l'.@f:u*nHu,i*il:>[l’—|—m] * <<t’>>l/*”* {(mt]H™"™ xn =nxn = —}
{n—uixi=[l'+mlxn=nxn = —}
local z in

m—uixis[ll+m]xn=n*xn = —xz = —}

z := [n.children] ;

{n—uixi=[l+mlxn=nsxn = —xz =i}

n' := z.getTail()

n—uixis[l+mlxn=nxn =mx*z =i}
{n—uixie['+m]xn=nxn =m}
3,0 AF, # s w1 m] () ()™ xn = el =)
Jo,1.0F, % (nlt' @ mt]] A (v = m)Ye x n = — 5w/ ;\v}

In the second case the node n does not have any children.
Je,1.af, * (n[@] A (e =n))l" xn = exn/ f/—}
Ell,i.rmfu*n»—»u,i*ib[s]xn#n*n’#7}
{n—ui*xiele]xn=nxn = —}
local z in

{n—uixiselxn=n*xn = —xz = —}
z := [n.children] ;
{n—uixiee]xn=nxn = —xz =i}
n':= z.getTail()
{n—uixi=e]lxn=n*xn = null xz = i}
n—uixis[e]xn=nxn = null}
Ell,i.rmfu*nHu,i*ib[a]an,n*n’f,null}

3o, 1.5, « (n[2] A (v = null))1* x n = —xn' = v}
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Lemma 21 (newNodeAfter body correctness). The implementation of
newNodeAfter given in § 5.2 satisfies the specification environment.

{ae,z.mfu s (nft] A (e = )Y x n = e}
I+ newNodeAfteryyqy
{Hl. My, * (3m.nft] ® m[@]H" x n = —}

Proof. Let F = (u/,1},14).

{He,l.mfu s (] A (e =)™ x n = e}

Fi, ' ju—su gxje [l +n+15]* H T u
s uixi = [ U] x (E) xn=n \zei+l
{u—djxje[lil+n+l]*sn—uixn=n}
local z,y,z,w in
ur— v jxje [l +n+1]*n— ui
xn—,n*mf,—*y#—*zf,—*w#—}

z := [n.parent] ;
ur—uw jrje [l +n+]xn— ui
{xnﬁn*mﬁu*yﬁ—*z;\—*wﬁ—}
z := [z.children] ;
ur—u gxje [l +n+l]xn—ui
{xn—,n*m—,u*y—,—*z—,j*w—,—}
y := newNode() ;
Ja.u— v jxje[ll+n+l]sn—uixa— ——
XN SN*T SUxy S a%x2 = jrw= — }
[y .parent] := z ;

Ja.u— v jxje[ll+n+l5]*xn— ui*xa— u,—
{xnf/n*mf/u*yf,a*zf/j*wf/— }
z.insert(n,y) ;
da.u— v jrjell+n+at+lh]*xn— uixar— u,—
XN SN*T SUuxy S a%xz = jrw= — }
w.newList() ;
da,ku—u jrxj[ll+n+ta+lh]*n—ui*xa— u—xk=[e]
Xn=n+xx=uxy Sa*xz=jxuw=k }
[y.children] := w
da,ku— v jxje[li+nt+a+l]xn—uixa— uk*xke=[e]
Xn=Sn*xT Suxy Saxz = jrxw=k
{Ha,ku—vjxj=[li+nt+a+l]sn—uixa—uk*xks=[e]xn=n}

Jda, kil jour—su jxje [l +n+a+15]* H T U

sn - wixi =[] () xa—uwksks[e]xn=n

{31. AF, * (3m. nlt] @ m[@])1* x n = —} 0
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Lemma 22 (deleteTree body correctness). The implementation of
deleteTree given in §5.2 satisfies the procedure specification environment.

{He,l. My, * (nft] A (e = n)Ht x n = e}
Ik deleteTreep,qy
{31. AF, * (@) x n = —}

Proof. Let F = (v, 1,15).

{He,l.rmfu w ([ A (e =)™ x n = e}

i, jou—u gl +n+1]* H T u
zeli+1,

s uixi = [ U] x ()" xn=n
{ur—>u’,j*jb>[1/1+n+l’2]*n»—>u,i*it:>[l’]*((t))ll’”an,n}
local z,y,2 in

w— g e[l A n4 1]« n - uixie 1]« ()"
{xn—,n*mf/—*yf,—*zfz—

z := [n.parent] ;

ws ' jrj e[ n ] s n e wixi =[] (@)
{xn—,n*m—,u*y—,—*z—,—
y := [z.children] ;
e[l A n4 1]« n— uixis 1]« ()
{xn—,n*m—,u*yﬁ]*z—,
y.remove(n

UHuj*yg[zwz']*nHuz*z@m ((t))l/’"}
xn—,n*m—,u*yﬁ]*z—,—

= [n.children] ;
u»—>u7]>kj’:>[l'+l’]*n»—>uz*20:>[l’} s (N
XN =N T =S u*xy =i*%2z = —

ur—u gl +15] dm, ¢, ", 1",

x> u,d ki =[] ur—uw i+ xn— ul

Y Y= =

/_/H‘d/—/H

xn=nkz=u A s tmt s (i) @ erym+n

xY S 1%z = — XN =SnN*xT Suxy S1%2 = —
z := y.getHead() ;

u— gk [+ 1] Im, ¢/ " 1.

kN k] u— v jrj e[+l xn - u
Xn=n+tc=u *ih:»[m—l—l”}*((m[t’]@t”))m"'l”’"
xy = ix 2 = null XN =nN*xT =uU*xy =i*x2 =m
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while 2z # null do
Im, " u—w g [lFh]sn e uixi = [m 41"
{*((m[t’]@t”»m"‘l”’”xnf/n*mf/u*yf,i*zf,m }
call deleteTree(z);
{Ht”,l”.u»—>u',j*jb[l’l—i—l’z]*n»—>u,i*ii:>[l”]*((t”))l”’"}

XN =N*xT =UxY = 1%¥2 = —

ur— g j e[+ 1] Im, ¢’ ", 1",

* Mo Uyl k4 B[ €] y ur ' jxje [+ xn— ui
Xn=n*xc=1u *i = [m+1"] *<<m[t/]®t//>>m+l”,n
kY =ik 2 = — XN =SSN+ T =SUxy 1%z = —

z 1= y.getHead()

ur—u gk + 1] Im, ¢’ ", 1.

kMo uyd ki =[] v ur ' jxj e[+ 1] *n— ui
Xn=n*sc =u *i B [m+1"] *<<m[t/]®t//>>m+l”,n
xy = 1% 2 = null XN =N*xT =Suxy =152 =m

u—u jrje [+ xn—uixi=[e]
Xn=n*xzx=uxy = ix*x2z = null

disposeLlist(y) ;
{u— v jxje[li+lh]lsn—uixn=nsz=uxy =ixz = null}

disposeNode(n)
{fu—vjxje[ll+lh]xn=nse=uxy =i*xz = null}
{u—u jxj=[ll +15] xn=n}
il jou—s ' gxj e[l +15]* H rT—u|l xn=n
zel|+1}

{BLAf, « (@) xn = -}

Finally, we observe that for all u, F and (p, 7 := f(?), q) € AXp
IE{(p)""} cal) 7 = £(E) {(a)""}

where (p)“" = \/(4.0)ep 3-0F, * (d)* x 0. This follows directly from the
PCALL rule and the definition of I".
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D Correctness of the Locality-breaking Theory

Assume that we are given:

— abstract modules A and B;

— a substitutive implementation function [—] : £, — Lg;

— a pointwise predicate translation function [—] : P(Dy x X) — P(Dp x X);
and

— for every (p,¢,q) € AXs and ¢ € Cy, a derivation of

Fe {[{c} opl} L] {I{c}oql}.
We wish to establish the following:
Proposition 2. For all p,q € P(Ax X X) and C € Ly

'ead{py C{gt = [T+ A{[pl} [C] {la]},

where

[Fl=A{t: [Pl =@ [ (£:[P] = [Q]) € Axa}.

To do so, we shall use the frame-elimination lemma previously described,
which we prove in detail below.

Lemma 1 (Frame Free). Suppose that A is an extension with Ay a left-
cancellative context algebra. If there is a derivation of Fa {p} C {q} then there
is also a derivation that only uses the frame rule in the following ways:

I'={p} C {q} M) PRAME
I't{fop} C{foq} (2)

I'+ {p} C {q}
I'E{(Ia x fy)op} C {(Ia x fy)oq}

where (1) is either an axiom of AXs, SKIP or ASSGN.

FrRAME

3)

Proof. We show a more general result, that for a derivation of I" -4 {p} C {q}
there is a derivation of F/(I') Fa {p} C {q} with the required property, where

FI)={f:(foP)=(foQ)[f€P(Cs),(f: P = Q)€ )}

Clearly, I' C F(I') = F(F(I")). Since the procedure environment (and it’s trans-
formation) are only relevant to the PDEF and PCALL rules, we omit them when
considering the other rules.

The proof is by induction on the structure of the proof. If the last rule of the
proof is not FRAME or PDEF then it is simple to transform the proof: transform
the proofs of the premises by induction and simply apply the last rule with F'(I")
in place of I'.
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Consider case when the frame rule is the last rule applied:

{p}C{q} @ Fr
{foptC{foq}

AME

By applying the disjunction rule, we can reduce the problem to the case of
singleton frames {c}, transforming the proof as follows:

- i
wcig ¥
Vee [ {{c}opiC{{cioq}
{fop}C{foq}
We now consider cases on (1), the last rule applied before the frame rule.

If the rule is CONSs then, since p C ¢ implies that {c} o p C {c} o g, we can
move the application of the frame rule earlier in the proof as follows:

FRAME
DisJ

{r'}C{q}
{c;opC{ctop’ {{c}op}C{{c}oq’}
{{c}ep} C{{c}oq}
The application of the frame rule can then be removed by induction.

If the rule is DisJ then, since o is right-distributive over V, the proof can be
transformed as follows:

FRAME (3 0g C {c}og

CoNs

i} C{a:}
viel {{ctopm}CUctoat
{{C} o Vie] pi} C {{C} o VzeI qi}

The applications of the frame rule can then be removed by induction.

If the rule is CoNJ then we make use of the left-cancellation property, which
implies that a € {c} o \,c; p; if and only if a € A,_;{c} o p;. We can transform
the proof as follows:

FrRAME
DisJ

{pi}C{Qi}
Viel {{c}opi}C{{c}oq}
{{C} o /\ie]pi} C {{C} © /\ie[ Qi}

The applications of the frame rule can then be removed by induction.

FRrRAME
CONJ
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If the rule is LOCAL then it is possible that the frame ¢ includes a program
variable with the same name as one that is scoped by the local block. This
means we cannot in general push the frame into the local block. Note that, for
some cp € Dy and ¢y € X, {c} = {(ca,cv)} = (Ta X {cv}) ® {(ca,D)}. Hence we
can transform the proof as follows:

(Mo xv = —)op} C {(In xv= —)og}

(Ueakx v = 2)on} O {(eatx v = Joa) oo™
{{(ca,0)} op} local v in C {{(ca,0)}oq} -
RAME

{{c} op} local v in C' {{c}oq}

The side-condition for the LOCAL rule, that (I x v = —) o {(ca,0)} 0o p #
(), follows from the original side-condition that (In x v = —)op # (. The
applications of the frame rule are either of the form of (3) or can be removed by
induction.

If the rule is PCALL then we again consider the frame context in terms of its
two components, i.e. ¢ = (ca, cy) for some ¢y € Dy and ¢y € Y. The PCALL rule
used some (f : P — @) € I'. By definition, (f : ({ca}oP) — ({ca}oQ)) € F(I).
Hence we can transform the proof as follows:

~—

{{ea} o PUELzmy) %
F(I) + call y := f(f))
(3. ({ea} e Q@) x (p+ § = @)}

)
F(I) - call § := f(f)

The application of the frame rule is of the form of (3) with the frame I x {cv}.

The cases for the remaining rules, corresponding to program constructs, are
straight-forward.

Consider case when PDEF is the last rule applied:

PDEF
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The proofs of the function bodies can be extended by applying the frame rule
to give:

P ES RS )
I C;
(G%.Q@) x (T = —+7 =)
Fra
G0 PO)x (T =T +7 =)} VP

feP(CA)v ’
v) € I Tk C,
Gi:P=Qerl (3T (fo Q@) x (F = —+ 7 = )}

These proofs, and the proof of the remaining premise, can be transformed by
induction so that they only use the frame rule in the required manner and use
the procedure environment F(I',I") = F(I'), F(I"). These proofs can then be
recombined to give the required proof transformation:

0 P(7) < (
V(£ : P — Q) e F(I'). F(I'",I") -

8l q 8l
2

-
|

{5%.Q(@) x (
)

(#) F(I,T)F {p} C {q}

FI)F {p} procs = = £1(@){Ca},.... 7 = £x(2){Cs} in C {g} ' OFF

a

Proof (Proposition 2). Suppose that I F» {p} C {q}. We first apply Lemma 1 to
translate the proof into a frame-free proof. This can be converted into a proof
of [I'] s {[p]} [C]{[g]} by a straightforward inductive argument: each framed
axiom is replaced by the derivation of its translation, and each inference rule is
replaced by its low-level equivalent, since the translation preserves the necessary
properties. a

This completes the proof of Theorem 5.
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E Correctness of the Locality Breaking List
Implementation

In the following section we show that the selected implementations for commands
of our abstract list module are correct. We do this following the general theory
for locality breaking translations laid out in § 6. We need to show that each pro-
cedure implementation satisfies the high-level specification for that procedure,
in any context. We do this in the presence of a specification environment which
allows for recursive procedure calls.

Let the procedure environment I" be defined as,

I':={ getHead: (Ne.[foib[v +1]A
- M. [fois[v +1
getHead : (e. [foik[e] A (e:z)ﬂ
— (M. [foie]e]A(v=mnull)]),
getTail: (Ae.[foi=[l4+ v ] A (e=1)])
— Qv foim[l+v']A(v="2)]),
getTail : (e.[foi=[e] A (e =1)])
— (M. [foi]e]A(v=mnull)]),
getNext : (Aej,es. [foi=v +un(er =1) A(eg =0")])
= (M. [foiv +un(v=u)]),
getNext : (Aep,ea.[foi=[l4+ v ]A(e1 =) A (e2 =)])
— (Av. [[foil:>[l+v] (v =null)]),
getPrev: (Aep,es. [foi=u+v A(er =i) A(e2 =0')])
= M. [foiru+v Aw=u)]),
getPrev: (Aej,es. [foi=[v +1]A(e1 =1) A(ea =0')])
— (A [fois[v+I]A(v=mnull)]),
pop: (Ae. [ 01 = [0/ +1] A (e = i)])
= Qo [foi = [1]A (0 =v)]),
pop : (Ae. [foibE[e]A(e=

)
— (M. [foi]e]A(v=mnull)]),
push: (Aep,ex. [foi|l }/\(v DA (er=1) A (ea =0)])

= ([feimlv+I]]),
remove : (Aey,ez. [foi=vA(er =1i) A(e2 =0)])
— ([feixe]),
foi|:>[l+v+l’]/\(v’¢l+v+l’)ﬂ>
A(er =1i)A(e2 =v) A (eg =)
= ([fei[l+v+o +1U']]),
newlList : ([f o 0])
— (Ai.[fedjjele]ln(i=))]),
deleteList : (Ae.[foi=[l] A (e1 =1)])

— ([fo0D)
}

We need to show that the bodies of the implementations for the high-level list
commands satisfy this procedure specification environment.

insert : [ Aep,eo,e3.
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Lemma 23 (getHead body correctness). The implementation of getHead
given in § 6.1 satisfies the procedure specification environment.

{Ze.[foi|cln(e=i)]xi=exv=—}
I+~ getHead,,;,
{Fo.foir[ec]lANv=null)[xi=—%xv =0}

{Fe.[foi[vV+I]A(e=D)]xi=exv=—}
I'+ getHead,,;,
{Fo.[foir[v+I]A(v=0)]xi=—%xv=0v}

Proof. There are two cases to prove. In the first case the list 7 does not contain
any elements. In this case the list ¢ is already a complete list, so let the singleton
f = ls for some list store [s consisting only of complete lists that do not include
1. If Is contains a list 7, or any of the lists are incomplete, then the precondition
will be equivalent to False and the proof is trivial.

{Be.[foie|ec]n(e=1)] X1 =exv=—}
{i—null x[ls] x i = ixv = —}
{i—null xi=ixv=—}
local z in
{imrnullxi=ixv=—xz=—}
z = [i];
{i—null Xxi=ixv=—x%xz = null}
if z = null then v := 1z else ...
{i—null X i =ixv = null xz = null}
{i—null x ¢ = ixv = null}
{i—null x[ls] x i = ixv = null}
{Fv.[foile]lN(v=null)] X i = —xv = v}

In the second case the list i contains at least one element. In this case the list
1 is already a complete list, so let the singleton f = [s for some list store [s
consisting only of complete lists that do not include i. As before, if Is contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
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to False and the proof is trivial.

{Fe.[foi[vV+I]A(e=i)]xi=exv= —}
{Ba,yiaxz oy (Y@ < [Is] x 1 S ixv = —}
{limzxr—vyxi=ixv=—}
local z in

{imrzsr—vyxi=ixv=—%xz=—}
z:=[i];

{i—zxz—vyxi=ixv=—xz=uz}
if ¢ = null then ... else v := [z.value]

{imzxz—vyxi=ixv=0v %z =z}
{imzxx—vyxi=ixv=1}
(B y.i—zxz— oy (Y@« [Is] x « S ixv =0’}
{Fo.[fois[v+IA(v=V)]%x1=—*xv = v}

63



64 Thomas Dinsdale-Young, Philippa Gardner, and Mark Wheelhouse

Lemma 24 (getTail body correctness). The implementation of getTail
given in § 6.1 satisfies the procedure specification environment.

{Fe.[foi|cln(e=i)]xi=exv=—}
I'- getTaily, .
{F.[foirleclANv=null)[xi=—xv=0v}

{Fe.[foi[l+V]A(e=i)]xi=exv=—}
I'+H getTaily,,,
{Fu.[fois[l+V]A(v=0V)]x1=—xv =0}

Proof. There are two cases to prove. In the first case the list ¢ does not contain
any elements. In this case the list ¢ is already a complete list, so let the singleton
f = ls for some list store [s consisting only of complete lists that do not include
1. If Is contains a list ¢, or any of the lists are incomplete, then the precondition
will be equivalent to False and the proof is trivial.

{Fe.[foie|c]A(e=i)] xi=exv=—}
{i—null x[ls] x i =ixv = —}
{i—mnull xi=ixv=—}
local z,y in
{irnull X1 =ixv=—%xz=—xy = —}
z = [i];
{i—mnull xi=ixv=—xz=nullxy = —}
if ¢ = null then v : =z else ..
{irnull xt=ixv=nullvxz = null xy = —}
{i—null x i =i*xv = null}
{i— null x[ls] x i = ixv = null}
{Fv.[foi[e]lAN(v=null)] X i = —xv = v}

In the second case the list ¢ contains at least one element. In this case the list
1 is already a complete list, so let the singleton f = [s for some list store Is
consisting only of complete lists that do not include i. As before, if [s contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
to False and the proof is trivial. Note that v' ¢ [, since elements within a list
are unique, so in particular Vv € [.v # v’. We make use of this fact when testing
for equality with v’.
{Ze.[foie[l+V]|A(e=i)]x i =exv=—}
{3p,q.i—>p* (P s g v/ null «[Is] x i S ixv = —}
{i—px(I)PDxg— v null x i Sixv=—}
local z,y in

{imopx(INPDxgo v null x i Sixv = —xz=—%xy = —}
z = [i];

{impx(INPDxg— v null x i S ixv=—xz=pry = —}
if z = null then ... else

{i»—>p*<<l)>(1”q)*q»—>v’,null>< % f/i*'ufz—*xfzp*yf/—}



(Il=¢)=x
* p— v null

X1 =1%xv = —
*T S Ppry = —
[z.next] ;
(l=e)xir—0p

* p— v null

X1 =1%xv = —
x T = pxy = null
i px ()

* q — v null

X1 =1%v= —
xz = qxy = null
while y # null do

E

T =y

{HZ’

1—Dp

\Y

Hl’,u,l”,r,s.(lil’+u+l”)*i,_>p*<l/>>pr)*THus
(YD xgisv null x i Sixv=—xz=r+y =s
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Ju,l'sr.(l=u+1)*xi—p
p s (U)D 5 g o of mull

X4 =1%V = —%T =p*xy = —

Ju,'sr.(l=u+1)*xi—p

#p =g ()00 % q o null
X1 =1%¥Vv = —%T =pxy =7
A u, " rys. (=1 +u+1")xi—p
* (NPT w1 s

# (I")5D % g v null

X1 =1%¥V = —%T =r%xy =35

}

w, " rys. (L= +u+1")xi—=px (NP xr s us
<<l”)>(5‘”*q'—>v null x 1 ﬁz*vﬁ—*mﬁs*yﬁs

i px (1) P9 3w, st (D=1 +u+u +17)
* q — v null y *i»—>p*<<l)>(p’r)*r»—>us )
X1 =ikv = — x5 tx (I")ED % g v nuldl
*T = q*Y = (¢ X1 =14V = —%T =85%xYy = 3§

y := [z .next]
i pox (1) P9 w1y s, b (D= U +utu'+17)
* q — v null y s i px (NPT s u,s )
X1 =i%v= — x5 tx (I")BD % g s o null
*xz = q*xy = null X1 =0i*%V=—%T =5%xy =1
i px (1)) 3w, rys (=1 +u+1")
*q — v ,null y s i px (NPT s u,s )
X1 =i%v=— # (I")D 5 g s o null
*xT = q*xy = null X1 =0%kV = —%T =ST*xy =S5

{impx (INPD g v null x s = ixv= —%xz=qg*y = null }

v := [z.value]

{impx(INPDxg— v null x i S ixv =0 vz = qgxy = null}
{i—px(I)PDxg— v null x i Sixv =0}

{3p,q.i»—>p>k <<l>>(1”q) xqi— v null x[ls] x i = ixwv :/\'Ul}

{Fv.[foi][l+V]A

(v=V)]x1=—%xv =0}
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Lemma 25 (getNext body correctness). The implementation of getNext
given in § 6.1 satisfies the procedure specification environment.

{Hel,eg.[[foz't:)v'+u/\(el :z’)/\(e2=v’)]]}

Xxi=e *xv Sexxv=—

re getNext, ;.
{Fo.foirv+ur(v=u)]xi=—xv S —xv=v}
Jer,ea. [foi[l4+ v A (e1 =) A(ea =]
re Xi=e *xv Sexv=—

getNext, ;,
{Fofoie[l+V]A(v=null)]xi=—%v = —xv =0}

Proof. There are two cases to prove. In the first case the value v’ is not the last
value in list i. We can assume that the context f at least takes the list i to a
complete list. If it does not, then the precondition will be equivalent to False
and correctness if trivial. So let the singleton f =i = [l; + — + 2] % Is for some
lists 1, l2 and a list store s consisting only of complete lists. Note that v' & Iy,
since elements within list are unique, so in particular Vv € l1.v # v'. We make
use of this fact when testing for equality with v’.

{Fer,ea.[foiv +un(er=i)A(ea=0V)] X1 =e1xv =S ea*xv = —}
3p, @y, 2= px ()PP x z o 0y xy o e x (1) 5 « [ls]
xi=1*xv =V xv=—
{i—px ()P sz v ysxy—uzxi=ixd S0 xv=-}
local z in
i pr ()PP sz vy sy o uz
Xxi=1%xv SV *rv=—%xz = —
z:=[1i];
{iHp*({ll»(p’m)*x»—>v’,y*yn—>u,z><'L'f,z'*'u’f/v’*'ufz—*a:f/p}
,a,l'.(ly =v+1)xi—p
xp = vax (U)o y
kY= uzX 1 =ixv =0

N N

*U = —%T =P

(i =¢)*xi—xzxx—vy
xyr—uz X1 =ixv =0 |V
*U = —%xT =T

v := [z.value] ;
Fv,a,l'. (I =v+1U)xi—p
s vax (U)O) sz oy
xyrouz X 1 =ix0 =0
XY S UXT =P

(h=¢g)xi—xzxx—0vy
xyr—uz X1 =ixv =0 |V

xv=svrz =z
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A a,v,b,0" (G = +v+1")
e px ()0 sz o ol B Iy
xysuzx i =ikd =0 | V| (") xx oy
xv=v sz =z xyrouz X1 =ixv =0
xUSvrT =a
while v # v’ do
3, a,v,b,1". (l1;l’+v+l")*in—>p*(<l>>(p“)*a»—>vb>(< 1) (bs2)
{*x»—>v,y*y»—>u2xz—,z*v =vsxv=Svxz =a }
z := [z.next] ;
3 a,0,b,0" (I =1 +v+1")xi—=px (NP xa—vbx (1)
{*x»—>v',y*y»—>u,zxi=)i*v’f/v’*'u—,v*:z:ﬁ }
' a,v,b,v" ¢, 1.
. h=U4v+0"+1")xi—
1 Pk <<l1>>(pz)_\*x — v’,y (*1<<l >>(p ,a) xa - v b* b — ,Up
*Y = U X 1 =1 Vv ”
* ()

) &
gcr—wu * = u,z
xU SVrv=Svxr =Sz YrY

X4 =ixv =0
xvU=vxx =D

v = [z.value]

1 px <<ll>>(p’w) xT— vy

(p,a)
XY= UZX T S0 v *<<l>> *a'—>vb*b|—>u

', a,v,b,0", ¢, 1.
(llfl’+v+v”+l” x> p
((l”>>(”“)*xl—>v7y*y»—>uz

v =vsv=svr =2 L,
X'L—/'L*'U == U
xv=0"xz =0
A a,v,0,0". (I =1 +v+1")

in—>p*(<ll>>(p7””) xx vy x> px (I >>(p7 ) a—vb

sy—uzx i =ixv =0 | V] « ("0 sz -0y
xv=v+z =z xyr—uzXi=ixv =0

*U S VKT = a

{impx ()P vz — v ysxy—uzxi=ixd S0 v =05z =2}

z = [z.next] ;
{iHp*((ll»(p’””)*x»—>v’,y*yn—>u,z>< i=ixv SV kv =SV xSy}
if z = null then ... else v := [z.value]

{impx(L)PD vz — v ysxy—uzxi=ixv Sv*v=uxz =y}
{i»—>p*(<ll>>(pv“)*x»—>v’7y*y»—>u,zx'zl=>i>k'u’f/v’*'u = u}
Ip,a,y, 2.0 pr ()PP wx o sy wy o uz o (o) 5D [ls]

X1 =ixv =0 xv=u

{Fv.[foiv +un(v=u)]xi=—%xv = —xv = v}

In the second case the value v’ is the last value in list 4. In this case the list
1 is already a complete list, so let the singleton f = ls for some list store [s
consisting only of complete lists that do not include i. As before, if Is contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
to False and the proof is trivial. Again note that v’ € [, since elements within
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a list are unique, so in particular Vv € l.v # v'. We make use of this fact when
testing for equality with v'.

{Jer,ea.[foi[l+V]|A(e1=i)A(e2 =) X1 S e1xv S eyxv=—}
{3p,z.i—p* (P sz v/ null « [Is] x i = ixv =0 xv = —}

{impx (NP sz v null x s S ixd S0/ xv=—}
local z in
{’L'l—>p>k<<l>>(p’x)*II—>’U/7T7/U,”>< 1=k SV kU= —xz =}

2= (3]
{i—px (NP sz v null x i = ixv =0 xv=—xz = p}
(l=¢e)*xir—w ,a,l'.(I=v+1l')xi—p
* x — v null v *p s v,a % (1) (@)
xi1=ixv =0 xx— v null x i =1
XY= —xT =T xv S v xv=—xz=0p
v := [z.value] ;
(l=¢e)xir—x v, a,l'.(Il=v+1l')xi—p
* x — v null y *p s v,a % (1) (@)
xi=ixv =0 xx— v null X 1 =i
xv=vsxz =0z xv =V sv=Svkz =D
, . W, a0, b, (1= + v+ 1)
e i*ﬂ:u) i pr ()P xa s vb
w4 :\,i’* o = |V s (U)o v mull
v T X3 =ik =
xu=v*z =z N N
U S UKT = a

while v # v’ do
a0, 0,0 (L= 40+ 1") %0 px (UNPD 5 a s v,bx (17)0)
{*zt—»v’,nullxi;\i*'u’#v’*’u#v*m#a }
z := [z.next] ;
3 a,0,0,0" (L= 4+v+1") xi px (UNPD 5 a s vbx (1) 0
{*mHv’,nullxif/i*v’f/v’*'uf/v*:zszb }
', a,v,b,0v",c,1".
(I=U+v+0v"+1")xi—p
V| o* <<l’>>(p’a) xa—~vbxb—v"c
$ (1Y) w s v null x 1 =i
xv v xv=vxz=b

i e ()0
x 1 — v ,null
x4 =ixv =

XU S VKT =T
v = [z.value]

i p ()0
* z — v null
xi=ixv =0

xu =V =z

', a,v,b,v",c,1".
(I=U+v+0v"4+1")xi—0p

VI ()P xa—vbxbis v e

$ (")) w s v null x 1 =i
xv = vk =0"xz=0b
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A a,v,0,0". (1= +v+1")
w1 px ()P xa > vd
Vs ()O) x x o nall

/o

X1 =ixv =v

i p (1))
* 1 +— v, null
x4 =ixv =0
xv=v+z =z IR IR
VU = UV*T — a
{impx (PP sz v null x s S ixv =0 v =10z =z}
z := [z.next] ;
{impx(INPD sz v null x s = ixv =0 xv =0 xz = null}
if z = null then v :=gz else ...
{impx(INPD sz v null x s = ixv =0 xv = null sz = null}
{i—px (NP sz v null x i S ixv =0 xv = null}
{3p,z.i—px (P2 sz > v/ null « [Is] x 1 = ixv =0 xv = null}

{Fo.[foi[l+V]A(v=null)|x i = —xV = —xv = v}
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Lemma 26 (getPrev body correctness). The implementation of getPrev
given in § 6.1 satisfies the procedure specification environment.

ey, ea. [foi=u+v Aler =1i) A (ea =0')]
e X1 =e1*xV Sexgxv=—
getPrev,,;,

{Fo.foirut+vAv=u)]xi=—xv = —xv=v}

Xi=e*xv Seyxv=—

{Hel,eg.ﬂfoib[vurl]/\(eli)/\(egv’)]]}
I'+

getPrev,,;,
{Fu.[fois[vV+iAv=null)|xi=—%v = —xv=0}

Proof. There are two cases to prove. In the first case the value v’ is not the first
value in list i. We can assume that the context f at least takes the list i to a
complete list. If it does not, then the precondition will be equivalent to False
and correctness if trivial. So let the singleton f =i = [l; + — + 2] * s for some
lists 11, l2 and a list store Is consisting only of complete lists. Note that v' & Iy,
since elements within list are unique, so in particular Vv € l1.v # v'. We make
use of this fact when testing for equality with v’.

{Zer,er. [foirutvAler=i)A(ea=0)] x 1 Se1xv Sexxv=—}
{ 3z, p,y, 2.0 px ()P x o wy xy o 0z (L)« ls] }

xi=ixv =0 xu=—
{Br.impx (L)PD vz —uyxy— v 2x i Sixd S0 xv = -}
local z,y in

i px ()PP sz uy sy — vz

xifzi*'u =Svkv=—%xz = —xy = —

T E
Jz. z»—>p>k (L )YP®) sz uy sy ' 2
Xi=ixv SV sv=—%xz=Spry = —

dr.(lh=¢)xi—x Az, v,l,q. (i =v+1)*i—p
* T uy kY vz y xp = v,q % ()0 x 2 — uy
Xxi=ixv =0 xy— v zx i =ixd =0
XY =S — kT S THY = — XY = — T S PRy = —
v := [z.value] ;
. (I =e)xi—zx Jz,v,l,q. (I =v+ D) xi—p
* T uy xy vz v | #peovas (D)@ xr s uy
xi=ixv =0 xy—vz2Xi=ixv =0
XY S UKT S T*kY = — XU S UKT S PrY = —
if v = v’ then ... else
. (I =e)xi—x Jz,v,lq. (I =v+ D) xi—p
* T uy kY vz v | #pe v (D)@ xr s uy
xi=ixv =0 xy— v 2zXi=ixv =0
XY S UKT ST kY = — XU S UKT S PrY = —
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Ja. i px (1)) Jo, 0" qr (L +u =1 +v+1")
XxT = Uy xy — v,z wi = px (I'YPD 5 g v
xi=ixv = V[ # (@)Y sy sz x4 =i
xv =V xz =y xv = v kv =0

XY =T KT S gy = —

while v # v’ do

o, 0" g (i Fu =T +v+1") xi—px (I')YPD 5 g vr
{*((l”>>(“y)>ky»—>v’,z><if/i*'u’f/v’*'uf/v*mf,q*y—/
yi=c;

o, U1 q,r (l1Jru*l’+v+l")*ir—>p>k<<l’>>(p*q)*q»—»v,r
{ (YD sy v 2x i =ik Sv v =SvkT =S gry =g
T = ynext]

o, U107, q,7 (l1—l—u;l’+v+l”)*i»—>p*(<l’)>(p‘n*q»—>vr
{ N sy s’ z2x i Sixd S s =Svke =Ty =

|
|
i

q
Jo,w,l',1”,q,r,s.
; (p,x) X
Fo.i = px (L)) / (l1+u—l’+v+w+l” )*¥irp
¥TH= UY*xY — v,z (.q)
NN *(I'YPD % g vrxr— w,s
X1 =1*%v =0 \% 11\ (5,)
iy S (YD ey i x =
VU = U*xT =Y
K xvV = v xu =0
Y = T N N
KT =S TxY = (q
v := [z.value]
Jv,w, ', 1", q,r,s.
; (p,z) Bk
Hl"t’—>p*<<l1>> ) (ll+u—l’+v+w+l" *i—p
— —
e Au.,y*/yévl,z >k<(l>>(p‘1)*q»—>vr>krn—>ws
X1 =1*%vY =0 V 11\ (s,)
RN x ("YYW xy— v 2 x4 =14
- —Y xv =0 xv = w
*y—;l‘ N N
KT S THY = (q
3.0 px (1) @) o, U0 g, (h +u=1+v+1")
xT o uy*xy — v,z s i px (I)PD 5 g vr
xi=ixv = V| o« ("YW sy 0 2 x i =
xv=vxz =y xv =V kv =0
*Y =S X =S Q*xY = —

i pr ()P sz uy sy — vz
xi=ixv SvVsv=mvrz s yxy S
v := [y.value]
i pr (LW)P) sz s uy sy — v 2
Xt =ixv SV sV S ukT Syky S
{Ex.ir—>p*<<ll>>(p*w)*xr—>u,y*yr—>v/,zx'Lf,z'*'u’=)v’*'u = u}
3, p,y, 2.0+ px ()P sz wy kg vz % (1) B & is]
Xxi=ixv vV xv=u

{Fo.feoiput+AN(v=u)]xi=—xv = —%xv =0}

== U

In the second case the value v’ is the first value in list 7. In this case the list
1 is already a complete list, so let the singleton f = [s for some list store Is
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consisting only of complete lists that do not include i. As before, if [s contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
to False and the proof is trivial.

{Zer,ea.[foi|[v+I]A(er=i)A(ea=0V)] x i S e v Sepxv=—}
{3p,z,z’>—>p*p|—>vl,z*<<l>>(z7"“”)*[[ls]]>< i=ixv S0 kv = -}
{imrpxp—vzxi=ixd =0 xv=-}
local z,y in
{lirpxp—vzxxi mixd S0V sv=—%xz=—xy=—}

z:=[i];

{impxp—vzxi=ixd vV xv=—%xz=pxy = —}
v := [z.value] ;
{impsp—vzxi=ixv =V sxv=vse=pxy = —}
if v = v’ then v := null else ...

{impxp—vzxi=ixd s vVsxv=nullxz=pxry = —}
{i—psp—vzxi=ixd =0 xv = null}
{3p,z.i—prpo v/ zx (I)EMD I x 4 = ixv =0 v = null }
{F.[fois[V+iA(v=null)|xi=—%xv = —xv =0}
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Lemma 27 (pop body correctness). The implementation of pop given in §
0.1 satisfies the procedure specification environment.

{Fe.[foi[vV+I]A(e=D)]xi=exv=—}
rr popbody
{Fofoix[l]AN(v=0)]xi=—xv=0v}

{He-ﬂfoi@[f]/\(ezz')]]xif,e*'uf,—}
Ik popbody
{Fu.feoir[clANv=null)|xi=—%xv =0}

Proof. There are two cases to prove. In the first case the list i has at least one
element. In this case the list ¢ is already a complete list, so let the singleton
f = ls for some list store [s consisting only of complete lists that do not include
1. If s contains a list 7, or any of the lists are incomplete, then the precondition
will be equivalent to False and the proof is trivial.

{Fe.[foie[vV+I]A(e=i)]x i =exv=—}
{Bz,yiaxz— vy (@D« [Is] x s = ixv = —}
{imxxz—vyxi=ixv=—}
local z,y in
{imrzxz— v yXxi=i*xv=—%xz=—*y = —

z = [i];
{imzsxz—vyxi=ixv=—xzg=z*xy = —}
if =z = null then ... else
{imzxz—dvyxi=ixv=—xz=zxy=—}
y 1= [z.next] ;

{limpzxr— v yxi=ixv=—%xz=z%y = Y}
[i] =y ;

{imysz— v yxi=ixv=—xzc=xxy =y}
v ;= [z.value] ;
{imryxz—vyxi=ixv=vs+z=cxy =y}
disposeNode(z)

{imryxi=ixv=vrc=r*xy =y}
{imyxi=ixv=0}
{Fz,y.iyx ()@ 5 [Is] x 4 = ixv =0}
{Fv.[foi[l]AN(v=V)]x 1= —xv =0}

In the second case the list ¢ does not contain any elements. In this case the list
1 is already a complete list, so let the singleton f = [s for some list store Is
consisting only of complete lists that do not include i. As before, if Is contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
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to False and the proof is trivial.

{Fe.[foi|c]A(e=i)] xi=exv=—}
{imnull x i =ixv=—}
{i—mnull xi=ixv=—}
local z,y in
{irnull X1 =ixv=—%xz=—xy = —}
z = [i];
{imnull xi=ixv=—xz=nullxy = —}
if ¢ = null then v :==¢
{irnull xt=ixv=nullvxz = null xy = —}
{i—null x i =i*xv = null}
{i—null x it =ixv= null}
{Fv.[foile]lA(v=null)] X i = —xv = v}
O

Lemma 28 (push body correctness). The implementation of push given in
§ 0.1 satisfies the procedure specification environment.

{Elel,eg.[[foﬂ:}[l]A(v¢l)/\(elzi)/\(egzv)]]>< T = e kv #62}
Ik push;,;,
{Ifeiv+i]xi=—xv=—}

Proof. The list i is already a complete list, so let the singleton f = Is for some
list store ls consisting only of complete lists that do not include i. If Is contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
to False and the proof is trivial.

{Zer,ea.[foi[l]ANwgDA(a=i)A(e2=v)] x 1 Se1xv= ez}
{Bzii— 25 (I)EMD S« IS A (v € 1) x & Sixv =0}
{i—2zx1i=ixv =0}
local z,y in
{im2z2X1i=ixv=vxzg=—xy = —}
z := newNode() ;

{Fr.imzxz— —— X1 =i%xv =0z =x*xy = —}
[z.value] := v ;

{r.i 24z 0,— X1 =ixv =S vz S T4y = —}
y = [i];

{3z.i—zxr—v,— X1 =ixv=SvsT=Sc*xy = 2}

[z.next] ==y ;

{Fr.imzxr vz X i =ixv=vkas =%y = 2}

[1]:==2

{Fr.i—xxr— 02X 1 =ixv S0+ S T*xy = 2}
{Jri—xxr—vzX i =ixv =0}
{Ba,zci z sz vz (I)ED «[Is] x ¢ = ixv =0}
{[feimv+]xi=—xv=—}
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Lemma 29 (remove body correctness). The implementation of remove
given in §6.1 satisfies the procedure specification environment.

{Fer,ez.[foimvA(aa=i)Alez=v)]x i Serxv=ex}
'+ Temoveyody
{[foize]xi=—%xv=—}

Proof. We can assume that the context f at least takes the list ¢ to complete list.
If it does not, then the precondition will be equivalent to False and correctness
if trivial. So let the singleton f =i = [l; + — + l2] % Is for some lists I, I and
a list store s consisting only of complete lists. Note that v’ & [;, since elements
within list are unique, so in particular Vv € l1.v # v'. We make use of this fact
when testing for equality with v’

{Zer,ea. [foivA(er=i)A(e2=v)] X i = e1xv = ez}
{3p,z,y.i— px ()P g vy« () @™ « [Is] x 4 = ixv = v}
{i»—>p*<<ll>>(p7w)*xn—>v,y>< T =S ixv z\,v}
local u,z,y,2 in

i px ()PP xx— vy
X1T=0%U SU0%U = —%xT = —%xyY = —%x2z2 = —

T = [i];

i pr (L) PP xz oy

{><¢f,i*vf,v*uf,—*mf,p*y#—*zf/—}
(i =e)xi—zxz >0y I a,l. (I =v +1)xi—p
X1 =ikv =0 v wp—= v ax (') 5z vy
U= —xT =1 X1=i*%xv =Sv*u = —
Y = — %2 = — KT S PRy = — %2 = —

u = [z.value] ;
(i =e)xi—xxz >0y W a,l. (I =v +1)xi—p
X1 =ikv =0 v wp—=vax (') xz—uy
KU =S VkT ST X1 =ixv=vku =
XYy = —%xz = — KT S PRY = — %2 = —

y = [z.next] ;
(i =e)xi—xxz >0y W al. (I =v+1)xi—p
X1 =iky =0 v xp = v ax (U@ sz 0y
XU =S VKT =T X1 =ixv=v*xu =
XY S Y*kz = — KT = PHRY S ax2z2 = —

if w = v then
lh=¢g)xi—x*xx— 0y
xz—/z*v—,v*u—/v*m—/x*y—,y*zf/—}

X4 =1V S 0*%U SV ST Y S Y*x2 =

disposeNode(z)
{(lh=e)xi—yxi=ixv=Svsu=vxT =%y Sysxz = —}

4n
[

llfs Yki— Y kT 0y }

{impx(L)PY x4 =ixv=vsu=vse = —%xy=—%z=—}
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{Hv’,a,l’.(ll iv’+l')*in—>p*p»—>v',a*<<Z’>>“’x*xl—>v,y}

e

= [y.value] ;
. (lp =v)*xi—p I a, v b, (I =0 + 0" + 1)
xp—v T 0y xi—pkp—v,axa—v'b
X1 =Si%xv =0 Vs (YO xx— vy

X1 =ixv=vxu =0z =Spry =Sa*xz= —
(I =v)xi—p F a, 0" b, (I = v + 0"+ 1)
xp—v kT vy xi—pxp—v,axa—v'b
X1 =ixv=v Vs ()0 sz vy
xu=v*xz=0p

Xi=i*v=v*u =0
XY = T2 = —

XL = PDrY S Ak 2 = —

XY S VKT S P

X4 =i*xv=0*%u=0"
XY S T k2 = —

KT =S PrY S a*x2 = —

Aa, . (I =1 +0) 3 a, v, b,0", c,1".

%0 px (I')Pa) (Lh=U4+v+0"+1")xi—p
xa— v T 0y y # (NP 5 a0 bx b v e
X1 =ikv=v s (1)) x s v,y

¥xU S UVXT = a

Xi=i*xv=vxu =0
*xT =Zaxy Sbxz = —

Y = Tx2z = —

while v # v do

T

-

U, a, v b,v" e 1 (I =1+ 0+ 0" 1) i p o (1))
s a0 bbb v cx (")) xx vy
X1 =ixv=v+su =V xz=a*xy =>bxz= —
:_ya

ya, v, b,v" el (l U v 0" ) ki p o ()P
*a— v b*b»—>v c*((l”>>c’”*ac»—>v,y
Xi=ixv=vru=0V'xz=bxy =bxz = —

:nnext

La, v b, e 1 (I =1 0 0" 1) w i px ()P
*xa— v b*b»—»v c*((l”>>(””)*x»—>vy

X1 =ixy=vky =0 *a:—,b*y—,c*zf,—

', a, v, b,v". ', a, v, b,0v",c,v"”,d,1".
(LL=V+0v+0)*i—p (l1:Z’+U +U”—|—v'”—|—l”)
()P 50 o b i ()P w0 )
xb—v' x>0y VI xb—v"cxc—v"d

X1 =i*%xv =0 *<<l”>>(d7W)*va7y
xu=v"'xz=b

X4 =ixv=0v*u=0"
XY S T*2Z = —

xT =Sbxy Scxz = —

= [y.value]
', a, v, b,v". A, a, v, 0,0, e, 0", d, 1.
(ll il/_i_,ul_i_,l}//)*z._)p (l]_ il/_i_v/_i_v//_i_,l}///_‘_l//)
# ('Y P9 5 a0 b s i px ()P xq— v b
xb—v' Txx— 0y V| xb—v"cxe—v"d
X1 =i%kv =0 s (U)D2) 5 15 vy

*xu=v*xx =0b

Xi=ixv=vxu=0"
*Y S T*k2Z = —

xz =bxy S cxz = —
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A a, 0. (I =1 +0) ', a, v, 0,0, ¢,1”.
*z»—>p>k<<l’>>(1’7“) (Lh=U~4+0v4+v"+1")xi—p
xa— v rxr— 0y y $ (UNPD) 5 g1 0" bxbis 0" c

X1 =ixv =0 « ("N xx— vy

*U S VT = a X1 =ixv=v*u=0"

xT =Saxy Sbxz = —
—l'—l—v)*i»—>p*((l’>>(p’“)*a»—>v’x*xn—>v,y}

*y—,w*z—/—
A a
X —/z*v—,v*u—/v*m—/a*y—,x*z—,—

z := [y.next]

a0 ll*Z’Jrv)*ir—»p*((l’»(p*“)*ar—>v’x*xr—>v,y
X4 =1%U S VU S V% —/(l*y = T*x2z —/y

:z: next z

ﬂl’,a,v.(ll—l'+v’)*ib—>p*(<l’>>(”’a)*a|—>v’,y*x»—>v,y
X4 =1%V S 0%U S VT S a*xy S T*k2 =Y
disposeNode(y)

{Ell’,a,v/.(llil'+v')*in—>p*<<l’>>(p’a)*a'—w)’,y }
X4 Si%V S 0%U S VT S a%xy S T*x2 =Y
{impx(L)PY x4 =ixv=vsu=Svse=—xy=—%xz=—}
{imopx(L)PY x4 =ixvSvsu=vsas=—xy=—%z=—}
{i—px(L)PY x i =S ixv =0}
{Ep,x,y.in*<<l1>>(p’y)*<<ZQ>>(97""”)*[[13]] X4 =ixv =}
{[foime]xi=—%xv=—}
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Lemma 30 (insert body correctness). The implementation of insert given
in § 6.1 satisfies the procedure specification environment.

o oo [FoimlHv+U]IAW Eldv+l)
1,€2,€3. A(er=1)A(ea =v) A (es =)
Ik | xi=eaxv=exv e

insertbody
{[foi[l+v+v +l]]|xi=—xv=—xv = —}

Proof. The list i is already a complete list, so let the singleton f = Is for some
list store s consisting only of complete lists that do not include i. If Is contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
to False and the proof is trivial. Note that v &€ [, since elements within a list are

unique, so in particular Yu € [.u # v. We make use of this fact when testing for
equality with v.

EI61762763~
[fois[l+v+ VAW l+v+U)A(er =1i)A(ea=0v)A(eg =0")]
Xi=e*v=exv = e3
Ip, 2, y. i o ()P x oy (1)@ x ls]
Xi=ixv=0vxv =0
{impx (PP sz vyxi=ixv=vxd =0}
local u,z,y,2 in
{i»—>p*<<l)>(p’x)*x»—>v7yx i =i*kv = vk f,v’}

*U = —FT = —*Y = — k2 = —

z = [i];
ik (NP xx s vy x i =ik =Svxd =0
*U = — KT S PxY = —*x 2 = —

(l=e)xi—uw
*T = VY X T =1
xv=vxv =0 |V
*U = —%T =T
Y = — %2 = —
u = [z.value] ;
l=¢e)xi—ux
XX VY X T =1
xv=vxd =0 |V
*U S VKT =T

Fu, " a. (Il =u+1")*xi—p*xp— ua
(V@B g s vy x4 =
sy =vxdY =0 xu = —

XT ZPRY = — %2 = —

Fu, " a.(l=u+1")*xi—p*xp— ua
$ (1Y) g s vy x 1 =
sy =vxY =0 xu=u
KT S PprxyY = — %2 = —
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i px (1))

XX VY X T =4
xu=v+xdv =0 |V
XU S VKT =T

Elll,u,lg,a,b.(lill +U+12)
wi = px (NP % a i ub
* (L) O®) x x - vy x i =i
xv=0xv SV kU =u
Y = — %2 = —
while v # v do
3, u,la,a,b. (1 =1 +u+lo) i = p* ()P xa— ub
(YO s r vy x i =iy =0y =0
XU UKL =AY = — k2 = —
z := [z.next] ;
3, u,la,a,b. (1=1 +u+1o) xi—p* ()P xa— ub
(YO sz vy x i =iy =Svxd =0
XU SUXT S by = —%xz = —
Ay, u,a. (=1 +u)
i o px (L)@

XT = aky = — %2 = —

/
Ay, u,u’,la,a, b, c.

XA UL KT VY
X1 =i1%xv =0
v =vxu=u
KT =S TRY = —

*zﬁlf

u := [z.value]

i, u,a. (I=1 +u)
i p (1)
X Q> UL KT VY
X1 =i*%U =
v =0 xu =0
KT S TrY = —
*z = —

i e (1))
XTI U,y X 1T =1
xv=vxv =0
XU S VKT =T

(I=hL+ut+u +1)

wi = px (NP % a > ub

$ bl ek (1)) xx vy
x1 =ixv =0V m UV xu = u

xT =S bky = —%xz = —

3y, u, v, 1o, a, b, c.
(I=h+ut+u +12)

10— Pk <<l1>>(p’a) *a +— u,b
xbs ek ()P vz vy

x1 =ixv=0v*v =0 xu=1

*xT =S bky = —%xz2 = —

Elll,u,lg,a,b. (l = ll +U+lg)

i pr (L) P xa b
() O x - vy x 1 =i
xu=0vxvY S0 ru=u

X = axY = — %2 = —
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XU SVUKT S TxY = — %2 = —

= [z.next] ;

i pr ()PP sz s vy x i Sicu =vxd =0

KU S VKT S TxyY S Y*k2 = — }

:= newNode ;

Fzimpx (VPP sz vysz— ——x i Sikv =0k =0
KU S VKT STy SY*2 = 2

[z.value] := v’

i»—>p*<<l>>(1’,w)*x|—>v,y>< i =ixu =0vx flv/}

— =N AAR] A

Ez.ir—>p>|<<<l>>(px)*xr—>v,y*ZHv —Xi =ik =00 S0
{*uf/v*m—/x*yﬁy*zﬁz }
[z.next] ==y ;

Fzipx (VPP sz vyrz =0 yx i Sikv =0k S0
{*uf,v*m—,x*y_,y*z—,z }
[z.next] := z

Fzi=px (NP sz vzxz =0 yx i Sikv =0y =0
{*ufzv*m—,x*yﬁy*z—,z }

N

{Hz.il—>p>k<<l>>(pvr)*x»—>v,z*z»—>v’,yx i =ik = vkv —/v

Ip, 2y, 2.0 pr ()P xa o vz wz e vy s (U)BID « ls]

Xi=—%xv=—x%x1v = — }

{[fci[l+v+v+l]]|xi=—xv=—xv = —}

a

Lemma 31 (newList body correctness). The implementation of newList
given in § 6.1 satisfies the procedure specification environment.

{[[fo@]]xifzf}

I+ newListyody
{Fi.[foTFjjelec]n(i=7)]xi=1i}

Proof. We let the singleton f = [s for some list store [s consisting only of
complete lists. If any of the lists are incomplete, then the precondition will be
equivalent to False and the proof is trivial.

{[fol] x4 = -}

{emp * [Is] x = = i}

% := newRoot() ;

{3j.7— —x[ls] x i = j}

(2] := null

{Fj.7— null x[ls] x i = j}
{Fi.lfodjjeleln(i=7)] x i =i}
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Lemma 32 (deleteList body correctness). The implementation of deleteList
given in § 6.1 satisfies the procedure specification environment.

{Ze.[foillln(e=i)]x1i=e}
Ik deleteListyoqy

{Ifo0]x 3= -}

Proof. The list i is already a complete list, so let the singleton f = Is for some
list store s consisting only of complete lists that do not include i. If Is contains a
list ¢, or any of the lists are incomplete, then the precondition will be equivalent
to False and the proof is trivial.

{Ze.[foie[l]A(e=9)] x i = e}
{Eip.i — P % <<l>>(p’"””) x[ls] x © = ’L}
{i = px ()Pl x 4 = i}
local z,y in
{impx(INemi) x § s ixe = —xy = —}
z = [1];
{ir—>p*<(l>>(p*”"”) X1 =ixzs Spry = —}

{(irm e Yo (Bl sty
X1 =1*xT =Sprxy = — X1 =1%T =SDp*y = —
{<in—>p>< i =1 )\/ <3x,v,y,l’.i~p*m»—>v,y*<<l’>>y’""”)}
xz =S nullxy = — X4 =i*5T =THyYy = —
while z # null do
{Bz,v,y, Vi praz— oy« (U™ x i Sixz=aoxy = —}
y i =a;
{3z,v,y, U i praz—vy= (')
z := [y.next];
{Bz,v,y, Ui prz— oy (U)™ x4 Sixz = y*ry =z}
disposeNode(y)
(B Ui px ()™ x i =ixz =S yry = —}
{(inx T =1 >\/ (Elx,v,y7l’.i»—>p*xr—>v,y*((l/»y’"“”)}

xz =S null vy = — X1 =i+xT =Txy = —

vl 4 S sz STy f/x}

{impxi=ixz=nullxy=—}

disposeRoot (%)

{emp x i =iz = null xy = —}
{emp x ¢ = —}

{emp x [Is] x i = i}

{[fol] xi=—

Finally, we observe that for all (p, 7 := f(f)), q) € AXy,

I+ {[p]} call 7 == £(E) {[q]}

This follows directly from the PCALL rule and the definition of I.
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F Correctness of the Locality Preserving List
Implementation

In the following section we show that the implementations for commands of our
abstract list module are correct. We do this following the general theory for
locality preserving translations laid out in section § 5. We need to show that the
translation from the abstract list module to the locailty-preserving linked-list
implementation satisfies the application preservation, crust inclusion and axiom
correctness properties.

F.1 application preservation

Lemma 33 (Application Preservation).

(Fop)m ot = 30l e (PN 500 5 (D)oo

out

Proof. Fix list store ls. We wish to show, by induction on the structure of list

store context Isc, that ((Iscols) 77wt = 3oj , a),,. (Isc)7,™ 7" * (IhY)TinTour,
in’’ out
lsc=1s"

/

36!, 0"y (Isc)Tim oot 5 (Is)TinTour = o o

in . I .
i)~ out [N wn? 2 out

(DT 77 (L)~ o

Tin:%ou

= E'O';n, O—:)ut' <<ZS/>>U“L_U;'L»Uout—a;ut
* <<Zs>>0'£"7o-'out

= E'O’;n’ O—:)ut‘

«ls/ * l8>> Ui7L—U£71&J‘7£71"70ut_U:,uttﬂa:mt

<<lSI * ZS»U’iﬂxoout

(1s" o Is))Tin-Tout

(Isc o Ls)TimTout,
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lsc =i lexlsc: Let 04,(1) = x, 0out(t) =y, 05, (1) = 2" and o), (i) = ¢/
Also let Is = i &1+ ls’ (if the list ¢ ¢ ls then the apphcatlon is undefined and
the proof is trivial) and lc = I3 + — + l3. Then,

E'O'/» 0'/ te 3 ;
(a7t (15t = s T (55 Lo L5 )77 () oo
in1%out
= 300, G- (i = Lo Isc) 7

s (i 1 18') Tin-Tout

=do,,,0, .<<z‘.:>zc>><fm<z>,aom<z>

>’ Y out ’ (7,) gom(l)

* <<ZSC >>Um —i 1Tout™ Z <<z |:>Z>> (1,050 (9)

o —lU

(st
=300, .<<Zc>><w> (e

in’ Y out (z',y")
* (s )}”5"_1 o L (s )i~ 10—

_ E|O'zn, out* <<ll + -+ l2>>gyyy) A % <<l>>(ml’y/)
<<ZSC >>U7'n,—:/ Zo'u: z <<l$l>> —q o.m” i

= 30, O w, 2. (1)) <<—>>Ef’2))

* (L)Y 5 (1)@ s (Isc! o 1s" ) Tin 80w~
= 3075, Oouts W, 2- <<ll>>(m’w) x(w=2a")x(z=1vy)
* (L) ) + <<l>> @) s (lLsc! o L) Tin—iT0ue
= o/ (I + 1+ 12>>(ac,y) x ((Isc' o Is' >> L =il —i
= 33 (ep )& x (Isd o 1s")Tin=HTour—
= Jo;} © |:>lc z/ >>”i"(i)>oout(i)

>g'7n out —i

no out

in> out

0'

in’~ out*

/

~— o~~~

x (Isc’ o ls

(i B=>lco ) I:>l>>‘7m( 1),00ut (1)

* > Tout™

((i = lcoirl)* (Isc ols’))TimTout

{(i = lexlsc') o (i 1% 1s"))TinTout
l

{lscols)inTout,

= Elazn ’ Uout

(lsc' ols’

- o~

Note that
(1sc o 1s")oin=boout=t = J5!  _j ! i (Isc ) Tin T bTeut =y (1) Tin i 0ue

yYout T

by the induction hypothesis.
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lsc =i [lc]*lsc: Let 04y, (3) =

Also let s =i =1 x1s’ and

E|O';n, Ugut
<<ZSC>>0171 7a'out

’
Uzn out

s (Is))7inTout

Note that

(lsc’ o 1s")Tin~hoout =t = J5! |
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L, 00ut(i) = L, 0},(i) =2 and o/, (i) = ¢/'.
le =11 4+ — + l5. Then,

(i = [le] * lsc )T o0 «

in'Pout

= 3o

m) out

(shotn ot

(i = [le] *lsc)TimTomt

Ol Oout

/ /
Elo—in » Oout

’
Tout

(i B L 1s)Timo
= 307, Ogue- (i = [Le])),
* (s )i o

5 (1) Tin T H 0w
3o}, 0!

* ((Isc’ )}‘7“‘71 Tout 4

O' —1, (T —’L

Oin (7,) sTout (7/)

/ ()1 /out(i)
<<Z ':>l>> in Z), out(z)

x,null !y
G ,,,)>*<<z>><x’y>

et

(z,null)

(a y)
Tin—1%, Jouf i

Cuopn e s
D = (D)

* (Isc’ o ls' >> in =00~

Oty -1 % (le)

out»

=30,,,00 4,0 x*x {l1 + — +12))
s (Y (1 Vol
= o)

in? outa
s (L) ) s« (1) ')
= 30 O 0,201 = 0 () ¢ (w0) 5 (2
# (L) 5™ 5 (@)D (L5 0 1) i
=300, 0 @i @k (I 4 1+ L) @D
* (Isc' ols’ >>
- EIUZ”’ out?

x (Isc’ ol ))
—Elazn? Oout- <<
=3

—i Uout ?

a:wzzn—>x>x<<<
(

—1 Uout 7

—i Jouf i

z.oi— xx (leg)_ ]>>(””’""”)

—1 Uout 7

[lcw e (oD

out —i

s ((Isc’ o 1s/))7in "
=30!, 0 (i = [le] od 1) Tin(D):00u i)
s (sc! o 1s")Tin~5T0u—
((ie[lc]oirl)* (Isc' ols"))TimTout
{(i = [le] *1sc’) o (i =1 % 1s"))Tin:Tout
l

{(Isc o ls))TinTout,

Z 0’ —1
O- out
Zv out

R

0' —1 o’oufil

* (ls)

by the induction hypothesis.
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By induction, for all list stores Is and list store contexts Isc,

’

(Iscols)Timout =Fg! ol . (Isc)Tim 9t x ((ls))“én"’vuf.

s .
in> ¥ out Oin:9out

Suppose that f is a set of list store contexts and p a set of list stores.

(fophmmmet =(\/ lscols)mmme

lsce f,ls€p

\V  (iscols)ein oo

lscef,ls€p

=\ Tl ()T T (1)) TinTous

in P out
lscef,ls€p

=307 b\ Qs (ls))oinone
e biser {n2Thu
= 3O'z,ﬁu Oout- <<f>>g7/;"72(/)ut * <<p>>ggn’a'r/mt,.

in’’ out

F.2 crust inclusion

Lemma 34 (Crust Inclusion). For all ooy, 00, F',lsc there exsist q, F such

that for all o;y

/
out’

F’ TinTout | — F
(Hain @aén,o;ut * <<l30>>am,ooui> =q* rmam,oout .
Proof. The proof is by induction on the structure of list store context lsc.
lsc = ls: Choose ¢ = Jo7,. rmf/ -r s (Is))7in=Tin:Tour=Tout_ Observe

’
= 0ins0 s —Tout

/ F’ TinsTout — / F’ Of — 0,0l —Oout
Hain' @agn,agut * <<ZS>>0'in,0'out = Hgin' ma;ﬂ,agut * <<lS>> e T T out - mo
_ / F' —F F
= Hgin' mogn—am,ogut—oom * @Uimﬂuut
" <<ls>>o§n—om,agut—aout
F

= q*xIn .
q Tin,0out
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lsc =1 = lex*lsc:
By the induction hypothesis
(301, —i.n% w (s i) =4 A

; —’L o-o'u,t %

Choose O'in(i) = Z, Uout( ) =Y 0 () =a' Uout(l) = y/7 le = ll + -+ 12’
=141, and g = ¢ % {Io))@¥). Observe

HmF

’ . ’ .

Oin T out — EIO'/ rmF’ “ << Ny >>o'i"(l),0'out(z)

in:0 - in Vol 0] t ¢ Oin(1),00ut (%

* (i Bl Isc Yoim oot inTout in(1),00ut (i)

<<lsc >> in Zgout Z

Cin—1%,00ut —1

zﬂagn.rmf,_' , *<<lc>>(w’7y) « (Isc')? Tin =00y i

n'Zout (z,y) Tin =10 0ut =1

= 30,0 o xR

(z,y)
s (Isc o Zzz: ;
= 3o’

0,2 A G (L) s () (1) )

OinsCout z,y)

* ((Isc’ )}U;" DT our

Oin—1%,00ut —1

=32’ w, 2,0 e px (L) P x (L)@ w ()

(z,y)

* ((Isc! >>U:” b6

Oin—%00ut—1

, / . F—
s (lo) Y « 30!, — . My o

= E|$l , P 7= P * <<l>>(p>1l) * <<l1>>(x’7z)
5 (1)WY g xml

G'Ln_l Tout—1

_ 1Y

=000 ) o) ((l2>>(y Y q * ﬁa i —i O out—i
_ {u F—i

=q* rmo’zﬂn (i)7‘70ut(i) mginii’goutii

=qx* L

Tin,0out
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lhe =i [lc] xlsc:
By the induction hypothesis

r F— fn— 1,00 —1
(Eo-i i. ﬂ L_@ o'out i <<ZSC >>amfz Cout—1 _q *momfz Oout—1"

Choose om(i) =z, oout(i) = Y, 07, (1) = L, 00,,(1) = L, le =11 + — + I,
ll=1y and g = ¢ * (I >>(y null) Observe

L MORANO)
| =30 ml k(i [le])Tm e
(i L] L) 3150t 70 7ol

% <<lgc >>O',i —1 Uout )

O'T,,*Z Oout— 3

(p,mull)

= 3o, p. AL o, K ()

)Uo
/ .
* ((Ls¢! >>aznfi Tout !
(p,null)

= 3ol,,p.%, o, KIE PR (i +—+ l2>>($7y)

*<<lsc'>>ai” 000yl

Oin—%00ut—1

= Elogmp,w,z.@f/_/ o oxi—px (I >>(p’“’)

" out

(N0 s () D s (s )i Ty
=dp.i— px <<ll>>(p,z) % <<l2>>(y7null)
* q * ﬂ

l 7
imi oy * (12 >><y "D g« mh

ﬂ{ i F—i

=qx O'zn( ),Tout (i) * rmo-’i"L7i7o-0'“t7i

G'nf’b Oout— [

_q*ﬂ

Oin;0out

Hence, for all o4y, 0’ ,,, F’,lsc there exsist ¢, F' such that for all o,

out7

!/ F/ i'n 7o-out
(Eloin' @a;n,a(’mt <<lsc>>(7bn7o'out =q* mam,(rout

F.3 axiom correctness

We need to show that the high-level axioms for the abstract list module are
preserved by the locality-preserving linked-list implementation. We do this in
the presence of a specification environment which allows for recursive procedure
calls.
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Let the procedure environment I" be defined as,

I' = { getHead : ()\e Join. M x (i = [V +1]A(e= Z)>>o'wla0'out)

— (M. Hamm B ki [ 1A (v =)o)
getHead : ()\e Join. M Uw g x(i=[e]A(e= Z)>>01nfgout)
— (M. im0 L o xllim[e] A (v = null))7imoou)
getTail : ()\e 304 AL in g x (i =[l+0]A(e= Z)>>0'1n70'out)
= (A0-30in Mg, g,,,, * (i = (L] A (0= 0))700nt)
govTail : (e 8L, o Wi 2 14 e = ) i)
— (Ao it (5[] A (6= mudl)) 7o)
)\61, €9. Ham. rmfmgnm
gotiext : < # (im0 u N e =) A fea = ) m o
(AU EIUZ” Um Tout <<7’ =0 +tuh (1] = u)»gimaout) )
getNext : <)\el’62'30m ﬂin,aout
T\ (i [l+V A (e1 =10) A (eg =0))Tin:Tout

— ()\’U 307;”. @g‘im
Aeq, eo. Aoy, M
tP . ; Tin,0out i
gerTrey < # (i B ut v A(er =14) A(eg =0'))7im o

o ¥ (i = [L+ 0] A (v = nall))7in-oour)

= (. 300 N, o, * (i u+ 0 A (v=wu))7moou ),
e, es. dogy,. rmgm)aout
getPrev : < <<Z . [U 1 ” (61 _ l) A ( _ U/)>>Ui" T out
= (0300 A7, ., * ([0 1] A (0 = null)) 7o)
pop : (Ae. 30in-ME, o, # (i [0/ + 1] A (e = i) 7o)
(AU Elaln am Oout << [ ] (U )>>UM)UOM) )
pop : ()\e doin. M Um ot x(i=[e]A(e= )>>0m,frout)
= (M0.30i 0], g, (5[] A (0= null))7em o).
push : <>‘61’62 3in- Mg, 0.,
(i LA @WED R (e1 = i) A (e = v))oimomm
= (Foin- NS, o,,, * (i B[V + 1])7mont)
)\61, €9. Ham. rmOF.imgnm
remove : ( % <<Z oA (61 — Z) A (62 — U)»om,aout

= (I0in- M, 0, * (i )7 70)
)\61762,63.301‘71.(701”’0
insert: is[l+v+U]AQ@ El+v+l)
*( _
A(er =1i) A (e2 =v) A (e3 =)
= (30in. M7, o, * (1= [L 00 V] 7imoent)

newlList : (Ham ml — <<(z)>>om,am)

()\Z Elam i Gt <<E|j j ;:>[ ] (Z — ])»Um,aout) ’
deletelist : ()\e Join. M Um vons * (B [L] A (€1 = D))o Uout)
*

(EIUV“ Um,aout << >>U7mo.0m)

>>Uimffout

We need to show that the bodies of the low-level implementations for the high-
level list commands satisfy this procedure specification environemnt.
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Lemma 35 (getHead body correctness). The implementation of getHead
given in §6.2 satisfies the procedure specification environment.

Tin,Tout E <<Z I:}[g] A (e — Z‘)>>Uin,00ut X i =exv = _}
e getHeadbody
{3v,05m.0E s (i [e] A (v =null))7moont x § = —xv =0}

in,0out

{Ele,am. rmF

oimoone ¥ (T [V H I A (e =10))7m Tt x4 S exv = -}
I getHeadbody
{Hvaain- nE * <<’L i:>[1)/ + l] A (’U = v’)>><7m7<70ut Xi=—xy= U}

Oin0out

{He, Cin-ME

Proof. There are two cases to prove. In the first case the list i does not contain

any elements.

e (i le]A(e=10))Tmout x 4 S exv = —}
{Hom.rmfmam xionull X 4 Sixv = —}
{i—null xi=ixv= -}
local z in
{imnullxi=ixv=—%xz=—}
T = [i];
{irnull X1 =ixv=—xz = null}
if ¢ = null then v :=z else ..
{irnull x 1 = ixv = null xz = null}
{i—null x i = ixv = null}
{Hain.@g“gwt xinull X 1 S ixv = null}
{3v, 0.0 * (i =[] A (v=mnull))7mut x § = —xv = v}

Tin,0out

{36, Oin- @F

In the second case the list ¢ contains at least one element.

{Ze,om. 0L, x (i +I]A(e=0))7mTm x i Sexv = —}
{Foin,z,y.08 L xizrze v ys (YO x i S ik = -}

{i—zxxsz—vyxi=ixv=—}
local z in
{imrzxz—vyxi=ixv=—%xz=—}

z = [1];
{imzxz—vyxi=ixv=—*xz =1}
if z = null then ... else v := [z.value]

{imrzxz—vyxi=ixv=0v %z =z}

{i—zxz—vyxi=ixv=0v}

{Elam,x,y.m\fm,%m *xi = xxx— vy ok l>>(y’”"”) X1 =i*vu = U’}
{Fv, 0005, x{i=[v +I]A(0=0))TimT0u x4 = —xv = v}
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Lemma 36 (getTail body correctness). The implementation of getTail
given in §6.2 satisfies the procedure specification environment.

{Ze,om.-0E .  x(ie[e]A(e=0))Tm7u x i =exv = —}

I'+ getTail, ;,

{Fv, 0005, x(i=[e] A(v=null))7imu x i = —xv =0}
{Ze,om- 0L , (i [l+0]A(e=0))Tmw x i =exv = —}

I'+ getTail,,,,
{3v,0in.0E # (i = [L+V]A (v =0))T7m%ut x 4 = —xv = v}

Oin0out

Proof. There are two cases to prove. In the first case the list i does not contain
any elements.

{Hevo’in-@inﬁout * <<Z F:>[E] A (e = i)>><7imtfout X i =exy= _}
{300 0E, o, ¥i— null x i = ixv=—}

{i—null xi=ixv=—-}
local z,y in
{irnull X1 =ixv=—xz=—*xy=—}
z =[] ;
{imrnullxi=ixv=—xz=null+xy = —}
if ¢ = null then v :=z else ..
{irnullxt=ixv=null+xz = null xy = —}
{i—null x i =i*xv = null}

{3oin. rmfmam xi— null X 4 = ixv = null}
{Fv, 0005, x(im[e] A(v=null))7im%w x i = —xv =0}

In the second case the list 7 contains at least one element. Note that v’ ¢ [, since
elements within a list are unique, so in particular Vv € [.v # v’. We make use
of this fact when testing for equality with v'.

{Ele, Oin. ME

Tin,0out

x (I [l+V]A(e=0))Timut X § = exv = —
{Bp.q.om.-0E . xipx()PDxgio v null x s S ixv = -}
{i—px(I)PDsxg— v null x i Sixv=—}
local z,y in

{imopx(INPDxg— v null x i Sixv = —xz=—%xy = —}
z = [i];

{impx(INPDsg— v null x i S ixv=—xz=pry = —}
if z = null then ... else

{i»—>p*<<l)>(1”q>*q»—>v’,null>< % f/i*'ufz—*xfzp*yf/—}



(l=¢e)xir—0p
xp— v null

X1 =1%xv = —
*T S Ppry = —
:= [z.next] ;
(l=e)xir—0p
xp— v null

X1 =1%xv = —

x T = pxy = null
i px ()

* q — v null

X1 =1%v= —
xz = qxy = null

\Y

while y # null do
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Fu,'sr.(l=u+l')*xi—p
wp = urx ()09 % g = 0 null
X1 =15V = —*T =S pkxy = —

Ju,'sr.(l=u+1)*xi—p

#p =g ()00 % q o null
X1 =1%¥Vv = —%T =pxy =7
A u, " rys. (=1 +u+1")xi—p
() 51 s

# (I")5D % g v null

X1 =145V = —*T =ST*xy =5

{Hl’,u,l”,r,s.(l'l’+u+l")*ir—>p*<l’>>’”)*rr—>us }

(YD xgis v null X i Sixv= —xz=r+y=s

T =y

3 u " s (L= +u+1") xi px (NPT s 7 uys
<<l”)>(5‘”*q'—>v null x 1 ﬁz*vﬁ—*mﬁs*yﬁs

i pr ()0

* q — v null

X4 =Si%xv = —
*XT S qxY = q

y := [z .next]

s ()09

* q — v null

X1 =i*%xv= —
xT = q*xy = null
i ps ()00

* g — v, null

X1 =i%xv= —
xz = qxy = null

A u, Vst (L= +utu +17)
cirep s (DD a7 s
x5 u tx (I")ED % g - o null
X1 =i 0= —*T =5%y =5

cimp s (U0 r s
%5 — u t*({l’)} £ y g — v null
X4 =1*%V=—*T =5%xy =1
A u, s (L= +u+1")
N (L
(") D 5 g v null
XT=i%U = —*T =r*xy =S5

' u, w1y s, t (l = U'+utu'+1") )

{impx (INPD g v null x s = ixv= —%xz=qg*y = null }

v := [z.value]

{impx(INPDxg— v null x i S ixv =0 vz = qgxy = null}

{i—px(I)PDxg— v null x i Sixv =0}
{3p,q,0in-05 . i px (YPD kg v null x © = ixv =0}
{3v,05n.m « (i = [I+V]A(v=0))Tm0ut x 4 = —xv = v}

F
Oin;0out



92 Thomas Dinsdale-Young, Philippa Gardner, and Mark Wheelhouse

Lemma 37 (getNext body correctness). The implementation of getNext
given in §6.2 satisfies the procedure specification environment.

X1 =e ¥V Seykxv = —
rre getNextbody
{Hv,am.rmF (i v +uA (v= u)>)‘”m‘70m}

{361, €2,0in- rmfmom * (i =0 +un(ep =1i) A (eg = v')))TinTout }

Tins0out
XiT=—*%xU = —*%xv =0

Ter, e 0t Moo i 2 (10 A (e1 = 8) A (e = )T
Xxi=e xv Sexkv=—

I'+ getNext, ;.
v, 0in-ME k(i [L+ 0] A (v = null))Tinoou
Xi=—xv = —%xv =0

Proof. There are two cases to prove. In the first case the value v’ is not the last
value in list 4. Let F' = {l;}, 04 (i) =  and 0,,:(7) = z. Note that v’ & [;, since
elements within a list are unique, so in particular Vv € I;.v # v'. We make use
of this fact when testing for equality with v’.

{ Jer,e0,00m-ME w0 +uA (61 =) A (e = v/))TinTout }

X1 =e *xV =Sexv=—
{Fz,p,y i px ()PP sz v ysy—uzxi=ixd S0 sv=—}
{i—px ()P sz v ysxy—uzxi=ixd S0 xv=—}
local z in
i px (L)PD) sz vy y o uz
Xi=ixv SV xv=—x3x = —

T = |7];
i pr ()P o a2
Xi=i*xv v xv=—xxz=0p

J,a,l'.(l;, =v+1U)xi—p

xp = vak () ) x oy

sy uz X1 =ixv =0
¥U = —%T =P

(lhi=e)xi—zxz—0vy
xyr—uz X1 =ixv =0 |V
*U = —%xT =

v := [z.value] ;
Fv,a,l'. (l; =v+1)xi—p
s v,ax () O) xx— oy
sy uz X 1 =ixv =0
XU S UXT =P

(I =e)*xi—xzxx—0vy
xyr—uz Xt =ixv =0 |V
xv=v*z =z




Abstract Local Reasoning 93

A a, 0,0, (1; =1 +v+1")
i ()P o vy rio px (U)PD k@ vb
xysuzx i =ikd =0 | V]« (") xx oy
xv=v sz =z xyrouz X1 =ixv =0
KU S VkT = a
while v # v’ do
3 a,v,b,1". (1; éz’+v+z”)*in*<<z’>><pv )k a — v,bx (1))
{*x»—>v,y*y»—>uzxz—,z*v =vsxv=vxz =a }
z := [z.next] ;
3 a, 0,007 (L =1 +v+1") xi—px (VP xa— vbx* (17)0)
{*x»—>v',y*y»—>u,zxi=)i*v’f/v’*'u—,v*:z:ﬁ }

', a,v,b,0",¢c,1".
Gi=U4v+0"+1")*i—p
(NP9 s a1 vbxb— v ¢
* () x>y sy o uz
xi=ixv =0
*xU = vxzT =b

i (1)

*xx— vy

*Y = U2 \%
xi=ixv =0
XU S UKT =T

v = [z.value]
. . ', a,v,b,0",¢c,1".
’L'—>p*<,<li>>(p7) (liil'+v+v”+l”)*ir—>p
T — Uy n\(p,a) "
ey s y x (1) xa— v,bxb— v c

() z o iy ry o e

X4 =ixv =0
xv=0"xz=0b

x4 =1*xv =0
xv =V =2

i pox (1)) A a,0,0,0". (1 =1 +v+1")
xx— vy xi px ()P xa - vb
kY U,z Vs (")O) k2 s 0y
xi=ixv =0 xyr—uz X1 =ixv =0
xv=v+z =z KU S UkT = a
14— D (p’I)*x»—w; Y kY U2
{xz—,z*'u =vxv= v*mﬁx}
z := [z.next] ;

zr—>p>|<<<l,>>(px)*x»—>v’,y*yl—>u,z
xi =i*xv SV xv=0xz =y
if £ = null then ... else v := [z.value]
i ()P o g o s
Xi=i*xv v sxv=uxz =y
i px ()PP xx oy xy o uz
xi=ixv v xv=u
{3x,p,y.z’»—>p*<<li))(pvx)*va’,y*yHu,z>< i =ixv =v xv f,u}
{ﬂuomﬂﬁm%m*«n¢u+uA<vu»@m%w}

Xi=—x9v = —xv=v
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In the second case the value v’ is the last value in list 7. Note that v’ & [, since
elements within a list are unique, so in particular Vv € [.v # v’. We make use
of this fact when testing for equality with v'.

Je1, ea, Oin. rmfimgout x (i =14+ 0] A (e1 =i) A (eg = v))TinTout
Xxi=e *xv Sexv=—

30in, P, T. rmfmam w0 px (I)PP %z v null
X1 =ixv SV xu=—
{impx (NP sz v null x s S ixd S0/ xv=—}
local z in
{i|—>p>k<<l>>(p7“")*xl—w)’,null><7;#i*'u’;\v'*v#—*m#—}
z = [i];
{i—px ()P xz— v null x i S ixd =0 xv=—xz = p}

(l=¢e)*xi—=w ,a,l'.(l=v+1l')xi—p
* 1 — v, null y %P 0,0 % <<l/>>(a,m)
xi1=ixv =0 xx— v null x i =1
kU= — %L =T xv =S v sv=—xz=p
v := [z.value] ;
(l=¢e)xir—x v, a,l'.(l=v+1l')xi—p
* 1 — v, null v * P 0,0 % <<l/>>(a,m)
xi=ixv =0 xx— v null X i =i
xv=v+z=2x xv = v xu=vxz =P
, , W a0, b,0" (=1 v+ 1)
POta L i s ()00 0
T Y e s e i
x4 =ixv =0

xu=vxz =2

XU S UXT = a
while v # v’ do
a0, 0,0 (L= v +1") %0 px (UN)PD 5 a s v,bx (17)0)
{*zt—»v’,nullxi;\i*'u’#v’*’u#v*m#a }
z := [z.next];
3 a,0,0,0" (L= 4+v+1") xi px (UNPD 5 a s vbx (1) 0
{*mHv’,nullxif/i*v’f/v’*'uf/v*:zszb }
', a,v,b,v",c,1".
(I=U+v+0v"4+1")xi—p
V| o* <<l’>>(p’a) xa—~vbxb—v"c
$ (1Y) w s v null x 1 =i
xv v xv=vxz=b

i px (1))
x 1 — v ,null
Xxi=ixv =0
XU S VKT =T

v = [z.value]

i e ()7
* x — v null
x4 =ixv =

xu =V =z

', a,v,b,v",c,1".
(I=U+v+0"4+1")xi—p

VI ()P xa—vbxbis v c

$ (")) x s v null x 1 =i
xv = vk =0"xz=0b
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A a,v,0,0". (1= +v+1")

i pr ()P xa s vb
Vs ()O) x x o nall

xi=ixv =0

*U S VKT = a

o e ()0
* 1 +— v, null
xi=ixv =

xv =V xSz

{impx (PP sz v null x s S ixv =0 v =10z =z}
z := [z.next] ;
{impx(INPD sz v null x s = ixv =0 xv =0 xz = null}
if ¢ = null then v :=z else ..
{impx(INPD sz v null x s = ixv =0 xv = null sz = null}
{i—px (NP sz v null x i S ixv =0 xv = null}
{Elam,p,x. mE i px (1P %z o null }

ol'invo'out)
X1 =ixv =V xv = null

XiT=—%xv = —xv=0

{ 30,0 ML, * (i [L+ V'] A (v = null))7nTou }
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Lemma 38 (getPrev body correctness). The implementation of getPrev
given in §6.2 satisfies the procedure specification environment

{361, €2,0in- rmF

oimou ¥ (EEP UV A (€1 =10) A (e =) 7imTomt }
X1 =e1*xv Sexv=—
I+ getPrev,,,,
{Elv, Oin- M5 o s {(imu+v A(v=u))TinTou }
Xi=—%xv = —xv=0v

Tin;00ut *<<Z':>[v/+l]/\(€1
Xi=e*xv Seyxv=—

{361,62,0z’n~@F

I+ getPrev,,,,
30, 0in 05, ., % (i [0 1] A (0 = ) om0
Xi=—xv = —xv =0

Proof. There are two cases to prove. In the first case the value v’ is not the first
value in list i. Let F = {l;}, 0:(1) = 2 and 0,y4(i) = 2. Note that v' € [; + u

/

7 9
since elements within a list are unique, so in particular Vv € [; + u.v # v'. We
make use of this fact when testing for equality with v

Sex, e2,0ine 0L, 0+ i B0/ Afer = 0) A (2 = o)) m oo
Xi=e*xV =Sexv=—

{Elx Py i prk (LYPD) s s uyxy = v 2 x i =ixd =0 kv —/—}
{Be.impx (L)PD k- uysry— v 2x i Sixd S0 xv=—}
local z,y in

Jz.i - px (LYPD) k= uyxy — vz
><'L'=>i>k'u’

f/v/*vf,—*:z::)—*yfz—}

)

T
{HJJ z»—>p>k (l))(px)*xHu,y*va’z

xi=ixv = *v—,—*m—,p*y—,—}
.l =¢e)xi—x

Jz,v,l,q. (L =v+1)*xi—p
* T uy kY vz y xp = v,q % (D)D) x 2 — uy
xi=ixv =0 xy— v zx i =ixd =0
XY =S — kT S THY = — XY = — T S PRy = —

v := [z.value] ;

. (l; =e)xi—x Jz,v,lq. (L =v+1)xi—p
*T = uy xy vz v | #po v (D)@ xz s uy
xi=ixv =0 xy— v z2Xi=ixv =0
XY S UKL ST kY = —

XU S UKT S PrY = —
if v = v’ then ... else

. (l; =e)xi—x

Jz,v,lq. (L =v+1)xi—p
* T Uy xy vz v | #pe v (D)@ xz s uy
xi=ixv =0 xy— v 22X i =ixv =0
XY S UKT S T*kY = —

KU = VKT = PRY = —
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3.0 px (I >>(W”) o, U0 q,r. (L +u =1 +v+1")
*xT > Uy xy — v,z s i px (I"NPD 5 g v

Xt =ixv =0 V| s (")) sy s 2 x 6 =
xv =0 %z =y xv =0 xv =0

*Yy = KT S gxy = —

while v # v’ do

o, U0 g (I +u =1 +v+1") xi = px (I")PD 5 g v (7))
{*va’,zxz’f/i*'u’f/v’*'ufzv*xfzq*yf/— }
Yy =z,

Jo, I’ l”,q, (I +u;l’+v+l”)*i»—>p>f<<<l>>(p‘J)*qr—>v,r*<<l”>>(r’y)
{ xy—vzxX i =ixv SV kv S vkT =S qgry =g }
z := [y.next];

Fo, U1 q,r. (I; +u;l'+v+l”) w0 = px (I"NPD % g v+ (7))
{*vazxz—,z*v =vsv=vkz =Sr]y =g }

Jo,w, ', 1", q,r,s.
Li+u=l+v4+w+l")xi—p
#{(I'YPD 5 g vk r - w,s

Ja.i s px (1) @)

XKT Uy xy — v,z

. - /N !
X1 =1i1*xv =v vV . .
N N (YY) xy s 2 x4 =
*'U*/U*m*/y ;O N
« 4"1} XU = UV XU =V
-7
y *XT S TRy = q
v := [z.value]

v, w, ', 1", q,r,s.
li+u=l+v+w+1")xi—p
# ('Y PD 5 g v — w,s

3.0 p* (1) @)
*T o uy Yy vz

s\ /)
G I I (O P S
xv =V %z =Y 7 N
N VU =V VU =W
Y =T N N
T = Tr*xyY = q
3.0 px (1) @) Fo, U0 qr. (i +u =1 +v+1")
xTouyxy— v,z wi=px (I')YPD 5 g or
X1 =ixv =0 VA o+ ()0 sy =0 2 x i =
xu =V xx =y xv = v kv =0
*Y = T *T S gxy = —
dz. z>—>p*<<l>>(px)*zb—>uy*y»—>v z
XZ—/Z*'U U*'U—/’U*:z:—/y*y—/x

v := [y.value]
{ﬂa:.i = px (NYVP) s 2 uy ky 02 }
Xt =ixv SV s SuxTSyxy =S
{Br.i—=px (LYPD xz o uysry— v z2x i =ik S0 kv = ul}
{3z, p,y.i=pr ()PP sz uysy—vzxi =ixd =0 xv=u)

{3v, 0.0 (i Bu+ v A(v=u))7%u x5 = —xv S —xv S v}

F
Um Oout
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In the second case the value v’ is the first value in list .
{ Je1, €2, 0in. ML

oo (0= [0+ 1A (e = ) A feg = o)) omoen
Xi=e*v Seyxv=—

{30,200 05, 5, xipxp= vz x (Y™ X i S ixd S0 xv = -}
{impsp—v z2xi=ixd =0 xv = —}
local z,y in

{impxp—vzx*xi mixd mVsxv=—%xz=—xy=—}

z = [i];
{impxp—vzxi=ixd mvVxv=—%xz=pxy = —}
v := [z.value] ;

{limrpxp—vzxi=ixd S Vxsv=0sxz=pry=—}
if v = v’ then v := null else
{irpxp—vzxi=ixd mvVsxv=nullxz=pxry = —}
{impxp—vzxi=ixv =0 xv = null}
F . / z,null
ap’z’gm.rmgimowt*z|—>p>(<p|—>v,z>k<<l>>( )
X1 =ixv =0 xv = null

30,0005, 5., % (T = [V + 1A (0= null))7inTou
X1i=—xv =5 —xv=0
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Lemma 39 (pop body correctness). The implementation of pop given in
86.2 satisfies the procedure specification environment.

{Ze,om- 0L, . x (i [V +1]A(e=0))Tmw x i =exv = —}

I+ POP oy

{Fv,00n-05 . x(i=[1]A (v=0"))TmTu x4 = —xv = v}
{Ze,om.- 0L ,  x(ie[e]A(e=0))Tm7u x i =exv = —}

I+ popbody
{3v, 0.0 * (i =[] A (v=mnull))7mut x § = —xv = v}

Oin,0out

Proof. There are two cases to prove. In the first case the list ¢ has at least one
element.

{36, Cim. @

Tin,0out

* <<Z i:>[’l},+l] A (6 = i)>>0'in,0'out X i=e*xv
{32,y,0in- 0], o, ¥ wxz oy (O™ x4 = ixv

/A2

{imzxz—vyxi=ixv=—}
local z,y in

{imzxz—vyxi=ixv=—xz=—%y = —}
z:=[1];
{imzxz—dvyxi=ixv=—xz=z*xy=—}
if £ = null then ... else
{i—zxz—vyxi=ixv=—*xz=c+xy = —}
y := [z.next] ;

{limrzxz— v yxi=ixv=—%xz=z%xy =y}
[i]=y;
{i—ysxz—=vyxi=ixv=—%xz=z*xy =y}
v := [z.value] ;
{limpysz—vyxi=ixv=vsz=z%y =y}
disposeNode(z)

{imyxi=ixv=v*z=cxy =y}
{imyxi=ixv=0}
{3y, 0im-0E . xiyx (YD x4 S ixy =0’}
{3v,05n.0% « (i S [I]A (v=0))Tm T x 4 = —xv S0}

Oin;00ut



100 Thomas Dinsdale-Young, Philippa Gardner, and Mark Wheelhouse

In the second case the list ¢ does not contain any elements.

{Ele, Oim. ME

Oin;0out

x{(ie[e]A(e=0))oimTut X § =S exv = —
{Foin-0L , i null xi=ixv=—}

{irnull xi=ixv=—}

local z,y in

{imnullxi=ixv=—%xz=—*xy = —}
= [4];
{irnullxi=ixv=—xz=nullxy= -}
if 2 = null then v =z

{irnullxi=ixv=nullvsz = nullxy = —}
{i—null x i = ixv = null}
{Foin- 0L . i ixv = null}
{3v,05m.0E * (i =[] A (v=null))7mut x § = —xv = v}

Tin,00ut

O

Lemma 40 (push body correctness). The implementation of push given in
§0.2 satisfies the procedure specification environment.

Jer, €2, 00 M5, oo * (T [TA (0 1) A (61 =0) A (e2 = v))7imTout
e X 1 = €1 %V = ey
pU'Shbody
{30, ML # (i [vH 1)t x § = —xv = —}

Oin;0out

Proof.
{361, €2, 0in- @imowt x (i =[N (vED) A(er =1i) A (eg = v))TinTout }

X1 = e *xv = ey
{3z, 0m.08 ,  wxirzx(IYEDA (0 ED) x i S ixv =0}
{imzx1i=ixv =0}
local z,y in
{imzxi=isv=vse=—%xy = —}
z := newNode() ;

{r.im zxz— —— X1 =ixv=Svsxz=Sz*y = —}
[z.value] := v ;

{Frim zxrz—uv,— X1 =ixv=vse S rxy = —}
y :=[i];

{Fri 2%z 0,— X1 =i%xv S0 =S T*y = 2}

[z.next] ==y ;

{Jz.i— zxr vz x4 =ixv=Svke S c*xy = 2}

[i]:==

{Friimzxrx—v2zXxi=ixv=v*re =Scxy = 2}
{Fr.i—zrxr— 02X 1 =ixv =0}
{Elx,z,am.m)fmgnm xi zxx o vz (INEMD x4 =ik = v}

{30 ML # (i = [v+ 1)t x 4 = —xv S v}

Oin;0out
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Lemma 41 (remove body correctness). The implementation of remove
given in §6.2 satisfies the procedure specification environment.

Je1, €2,0in- 05, o, * {1 B0 A (e1 = 1) A (e2 = ) 7m0t
I X 1 = €1 *xv = €9
removebody
{(B0in- 0L, .., % (i B e)Tmoon x 4 = — v =}

Proof. Let F = {l;}, 04n(i) = x and 0,,:(i) = y. Note that v € [;, since elements
within a list are unique, so in particular Vu € [;. u # v. We make use of this fact
when testing for equality with v.

{ Jer,e2,0in- M5, x (im0 A (e =1) A (eg = v))Tim o
X1 =e *xv = ey
{Ex,p.in* (LY®P®) sz s vy x i =ixv =>v}
{i—px (NP xz—vyxi=ixv=v}
local u,z,y,2 in

{z’ = pr ()P sz vy }

X1T=0%U S0%U = —%xT = —%xYy = —%x2z2 = —

T = [1];
i pr ()PP xz vy

{><¢f,i*vf,v*uf,—*mf,p*y#—*zf/—}
(l; =e)*i—x*T—0Y W, al (L =0 +U)xi—p
X1 =ikv =0 y wp v ax (V) x - 0y
U= —xT =1 X1=i*xv =0%u = —
Y = — %2 = — XT S PRy = — %2 = —

u = [z.value] ;
(l; =e)*i—x*xx >0y W a,l.(l; =0 +U)xi—p
X1 =ikv =0 y wp v ax (V) x - 0y
XU SUKT S T X1 =i*v=v*xu =0
Y = — %2 = — XL S PRy =S — %2 = —

y = [z.next] ;
(l; =e)*i—x*T—0Y W a,l (L =0 +U)xi—p
X1 =ikv =0 v xp—=vax (U@ g0y
XU =S VKT =T X i =ixv=vku =1
Yy SYxz = — XT = PrY S a*k2 = —

if u = then

l; )xi— X xx vy
X 1= z*v—,v*u—/v*m—/x*y—,y*zf/—

275 *ir—>y*x»—>v,y
X4 i%U S 0%U SUT ST*Y S Y*xz2 = —

disposeNode(z)
{(lize)ximyxi=ixvSvsu =0T ST*y Sysxz = —}

{impx(I)PY x4 =ixv=vsu=vsz = —%y=—%z=—}
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else

{

.l =0)xi—p
«p = VTR T - VY
X1 =i%xv =0
xu=v*z =0p
xY ST k2 = —
= [y.value] ;
. (L =0)*i—p
xp—v xxT— 0y
X1 =i*%xv =0
*U =S VT =D
XY ST k2 = —
A av. (I =1+
w1 pox (1)@
xa— v, x*xT— vy
X1 =1*%v =0

Vv

e

*U S VKT = a

XY = Tx2z = —
while v # v do

!/ !/ "
', a, v, b, 0",

Hv’,a,l’.(li i’l)/—‘rl/)*i'_)p*p’_’v/7a*<<l/>>a7l
X1 =ixv=vxu =0z =Spry =Sa*xz= —

Thomas Dinsdale-Young, Philippa Gardner, and Mark Wheelhouse

*T Y

|

F a, 0" b, (L = v + 0"+ 1)
xi—pxp—vaxa—v"b
QYO ke vy

X4 =ixv=0xu =0

XT S PrxyY S a*xz = —

a0 b, (1 =0+ 0" + 1)
xi—pxp—vaxa—v"Db
QYO 5z vy

X1 =ikv=v*xuy =0

KT =S PrY S a*x2 = —

A a, v, 0,0, ¢, l”.
(lZ:l/+U/+U//+l//)*Z’_)p
* (NP 5 g v bx b v c
(7)) x x vy

X1 =ixv=0v+u =0’

*xT =Zaxy Sbxz = —

c, " (Zi U 4 40"+ l//) * 10— P x <<l/>>(p,a)

s a0 bbb v cx (")) xx—vy
X1 =ixv=vsu =V vz =axy =Sbxz= —

CDI—y,

ya, v’ b eyl (l 4 0" 1) xd s pr (1) P
*xa— v b*b»—>v c*((l”>>c’”*ac»—>v,y
X4 =ixv=0xu=0"xz=bxy Sbxz = —

Yy :Bnext

{ ,a, v bv
', a, v, b,v".
=V 4+0v+0")xi—p
(YD v b
xb—v' x>0y
X4 =S1%v =0
xu =0 xz=Db
Y S Tx2z = —

= [y.value]
' a, v, b,v".
L=V 40 4+0")*xi—p
# ('Y P9 5 a0 b
xb—v rxx— 0y
X1 =1%v =0
xu =Sv*xe =0

*Y S T*x2z =

-7

l// (l = 4 +v“+l”) in*«l/»(p,a)
*xa— v b*b»—»v c*((l”>>(””)*x»—>vy
X1 =ixyu=v+u =05z =bxy =Scxz = —

', a, v, 0,0, c,v",d,1".

(l@ : l/ _|_,U/ _|_,U// +U/// +l//)
ci e ()P w0 )
xbis v cxev"d
QYD s sy
Xi=ixv=v*u=0"
xT =Sbxy Scxz = —

', a, v, b,0",c,v",d,1l".

(ll - Z/ +/U/ +UH _"_,U/// +l//)
wi = px (NP 5 g0 b
xb— v cxc—v"d

* <<l//>>(d,z) * T 0,y

X1 =ixv=v*xy ="
xz =bxy Scxz = —
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A a0 (L =1 +0) A a, v, b,0",c,l”.

0 p o (1)) L=+ 4+0"+ ") xi—p

xa— v rxr— 0y y # (UNPD) s g0 bxbis v c
X1 =ixv =0 * (I"N" *x x— vy

KU =S UVkT = a X1 =ikv=v*kuy =0
*xT S axy Sbxz = —

(1 —l’+v)*in—>p*(<l’>>(7’7“)*awv'w*xwv,y}

*yz\,w*z#—
A a

X —/z*v—,v*u—/v*m—/a*y—,x*z—,—

z = ynext
a0 (U *l’+v)*ir—>p*<<l’>>(p’“)*ar—>v’x*x»—>v,y
X?a—ll*'U—/’U*u—/'U*m—/(l*y—/x*Z—/y

:z: next z

Hl’,a,v.(ll—l’+v’)*i»—>p*<<l’>>(p’“)*aHv’,y*x»—w},y
X4 =1%V S 0%U S VT S a*xy ST *x2 =Y
disposeNode(y)

{Ell’,a,v/.(li =40 ki pr (UNPD s a0y }

X4 =14V S 0*%U SUXT S aA*xY ST *x2 =Y

103

{impx(L)PY x i =ixv=Svru=vea=—xy=—%z=—}

{sz*«li»(”’y)xz’#i*v SUKUDURKT S —ky = —xz = —}
{i—px ()P x i = ixv =0}
{3pir—>p*<<li>>(p’y) Xi=ixv =}

{Hazn a'znao'out <<Z be»gin,ﬂmn X 1 ﬁ/ — %k U =

—
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Lemma 42 (insert body correctness). The implementation of insert given
in §6.2 satisfies the procedure specification environment.

361,62763,0'1'”.@57:"’001”
i[l+v+ A El+04+T) (oo gun,
« ot H T oo
A(er=1i)A(e2 =v) A(e3 =)
Ik X1 =e*xv =>exv = e3
insertyody
{ 30in M, g * (G5 [+ 0 0 U ])TimTou }

Xi=—%xv=—x%x1v = —

Proof. Note that v € [, since elements within a list are unique, so in particular
Yu € l.u # v. We make use of this fact when testing for equality with v.

Elel) €2,€3,04n. @§i7l7gout
x{ie[l+v+U]A@ El+v+U)N (e =10) A (ea =v) A (eg = v')))Tin:Tout
X 1 ﬁ/61>l<’l)£/€2>$<’0/ f/63
Ip, T, Y, Cin. @gmam %1 Pk <<g>>(p,a:) * T LY * <<l/>>(y7null)
Xt =1xv=v*xv =0

{impx (PP sz vyxi=ixv=vsd =0}

local u,z,y,2 in

{i»—>p>k<<l)>(p7”’)*x»—>v,yx i =ikv = vk f,v’}

KU = — KT = — kY = — k2 = —
T = [i];
ik (NP xp s oy x i =ik =Svxd =0
KU = — T S PRY =S — %2 = —
(l:E)*’LHQZ‘ Elu,l”,a.(liu—|—l”)*i'—>p*p'—>u,a

*T = VY X 1 =1

1\ (a,z) S\
vv—osd = | v (1" T—UYX 1 =1

xv=vxv S0 xu= —

XU = —*xT =T N
z — %z = —
u = [z.value] ;
l=¢e)*xi—=w . .
( ) Ju, " a.(l=u+1")xi—p*xp— ua

XTI VY X T =1
xu=v*xdv =0 |V
XY S VKT ST

# (1Y) g s vy x 1 =
xv=v*xv S0 ru=u

XT =ZPRY = — %2 = —
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i px (1))

XX VY X T =4
xu=v+xdv =0 |V
XU S VKT =T

Elll,u,lg,a,b.(lill +U+12)
wi = px (NP % a i ub
* (L) O®) x x - vy x i =i
xv=0xv SV kU =u
Y = — %2 = —
while v # v do
3, u,la,a,b. (1 =1 +u+lo) i = p* ()P xa— ub
(YO s r vy x i =iy =0y =0
XU UKL =AY = — k2 = —
z := [z.next] ;
3, u,la,a,b. (1=1 +u+1o) xi—p* ()P xa— ub
(YO sz vy x i =iy =Svxd =0
XU SUXT S by = —%xz = —
Ay, u,a. (=1 +u)
i o px (L)@

XT = aky = — %2 = —

/
Ay, u,u’,la,a, b, c.

XA UL KT VY
X1 =i1%xv =0
v =vxu=u
KT =S TRY = —

*zﬁlf

u := [z.value]

i, u,a. (I=1 +u)
i p (1)
X Q> UL KT VY
X1 =i*%U =
v =0 xu =0
KT S TrY = —
*z = —

i e (1))
XTI U,y X 1T =1
xv=vxv =0
XU S VKT =T

(I=hL+ut+u +1)

wi = px (NP % a > ub

$ bl ek (1)) xx vy
x1 =ixv =0V m UV xu = u

xT =S bky = —%xz = —

3y, u, v, 1o, a, b, c.
(I=h+ut+u +12)

10— Pk <<l1>>(p’a) *a +— u,b
xbs ek ()P vz vy

x1 =ixv=0v*v =0 xu=1

*xT =S bky = —%xz2 = —

Elll,u,lg,a,b. (l = ll +U+lg)

i pr (L) P xa b
() O x - vy x 1 =i
xu=0vxvY S0 ru=u

X = axY = — %2 = —

105
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i px (NP sz vy x i Sicy =0y =0
{*uf,v*mf,x*yf,—*sz— }

y = [z.next] ;

i pr (NP sz vy x i Siku S vl =0
{*uf,v*mz\,x*yf/y*z# }
2z :=newNode ;

Fz i px (VPP ks vyk 2z —— X 1 Siku S vk =0
{*uf/v*wf/x*yf,y*zf,z }
[z.value] := v’

i px (NP sz s vysxz0 ,—x i Sixu =S vrd =0
{*uf,v*mz\/x*y#y*zf/z }
[z.next] ==y ;

Jzi=px (NP sz vyr 2=V yx i Sikv =Svkd =0
{*ufzv*mf/x*yffy*z =z
[z.next] := z

i px (NP sz s vz 0 yx i Sixv=0xd =0
{*uf/v*mf/x*y#y*zf,z }

{Friirmpx ()P vz —vzrz Vv yx i Sikv Svxv S0}

{ E'p,l’,y, 2, 0in- rmF

Tin,0out

wir px (D) 6z 0z e 0 gy (1) G |

Xi=—xv=—x1v = —
{Foiwm-0L L w{is[l+v+o +U])Tmo%ut x4 = kv = —xd = —}
O

Lemma 43 (newList body correctness). The implementation of push given
in §6.2 satisfies the procedure specification environment.

Proof.

{Foim. ML,k (B)TimTent x4 = —}
I+ push;,;,
{3v,0in-0E, . x(Fjie[e] Al =))7mm x i =i}
{30in- 07, o * (D)oot x 4 = —}
{Ham. rmg_’mam xemp X 1 = z}
% := newRoot() ;
{Ham.rmimgm *Jdj.j— — X1 f/j}
[7] := null
{Hai"'@in,oout *3dj.j— null x 1 = ]}
{Fv,0in-m5 .« {(Fjie[e]A(v=j))Tmu x i = v}
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Lemma 44 (deleteList body correctness). The implementation of
deletelist given in §6.2 satisfies the procedure specification environment.

{Ze,oin-mE . x{(i=[l]A(e=19))7mTm x 1 = e}
'+ deleteListyoqy
{F0in-AF, gy % (O x4 = —}
Proof.
{Ze,oin-0E . x (i =[] A (e=1i))T7mTuw x 4 = e}
{3p, 0in. rmf,wm s d = po (1)) 5§ = i}

{i—px(I)Emi) x 4 = i}

local z,y in
{imspx (Pl x 4 = ixg = —xy = —}
T = [i];
{imopx (NPl x 4 = ixz =pxy = —}

i — px ((g)pmull (A limps (ot )t
X TS+ =Sp*xy = — Xi=ikz =pry = —

{<’“PX T = )v <3x,v7y,l’-z’Hp*va,y*«z'»y»null)}

e = null xy = X1=i*xT=T*y = —
while z # null do
{Bz,v,y, Ui prae— oy« (U™ x i Sixz =y = —}
y=u;
{Bz,v,y, Ui pra— oy (U™ x i Sixzs S axy =)
z := [y.next];
{Bz,v,y, Ui praz— oy ()™ x4 Sixz = y*ry =z}
disposeNode(y)
{By, Vi px (U)r™i x i S ixe =yxy = —}
{(i»—>p>< i =1 >\/ (Elx,v,y7l’.i»—>p*x»—>v,y*((l’))%"””)}
xz = null xy = — X1 =i*xT =Ty = —
{impxi=ixz=nullxy = —}
disposeRoot (%)
{emp x ¢ = ixz = null xy = —}
{emp x 1 = —}
{Eai"‘@in,aout *emp X 1% le}
(B 0 oo (O 0o x5 = =)

Finally, we observe that for all o4y, F' and (p, 7 := f(f)), q) € Axy,

I'F{(p)7 '} call 7 == £(E) {(g)”"}

where (p)7oF = V(d,0)ep Iin- NE . 5o * (d)7m vt x o This follows directly
from the PCALL rule and the definition of I".



