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Abstract

We present a general way of making use of may- and must-alias infor-
mation to achieve flow-sensitive type systems that allow for low-sensitivity
on the heap. In particular, we show how may-alias information can be
used for a limited form of flow-sensitivity — structural weakening — that
allows type changes on the heap that are compatible with the subtype
hierarchy. Further, we show how the combination of may- and must-alias
information can be used to achieve strong updates, i.e., type changes on
the heap that are not compatible with the subtype hierarchy, resembling
the typical type rule for updates of variables in flow sensitive type sys-
tems. This work has been enabled by the use of our plugin framework —
a framework for parameterizing type systems over the results of abstract
interpretations — that allows us to abstract away from the computation
of the alias information. In addition, our successful use of the plugin
mechanism to extract both may- and must-alias information shows its
strength.

1 Introduction

One dimension of program analyses is flow-sensitivity; the result of a flow-
sensitive analysis depends on the order of the instructions of a program, whereas
the result of a flow-insensitive analysis does not. Frequently, flow-sensitive anal-
yses achieve higher precision than flow-insensitive.

Even though type systems are predominantly flow-insensitive, flow-sensitive
type systems arise naturally, as shown by, for example, linear and affine type
systems [Pie05]. A more well-known example of a flow-sensitive type system is
the type system of Java bytecode where the limited number or registers forces
(from a practical standpoint) the type system to be able to change the types of
registers; each instruction is typed in a pre- and a post-type, and the assignment
instruction changes the type of the target register in the post type to the type
of the source value.

The static flow-sensitivity of Java bytecode is limited to registers for a reason;
aliasing prohibits the flow-sensitivity to easily extend to the heap. To be able to
change types on the heap, e.g., the type of a field of a certain object, it must be
made sure that the types of all aliased locations are changed, otherwise a way of
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freely casting between the types by writing into one location and reading from
another is introduced. Thus, for instance, it is not safe to extend the subtyping
relation to arrays, i.e., to say that String[] is a subtype of Object [] because
String is a subtype of Object, since that would allow casting from the type
Object to the type String!

The standard solution for this is to enforce invariant typing for all heap loca-
tions, involving both prohibiting type changes based on updates, and restraining
the subtype relation to invariant subtyping for arrays, and width subtyping for
objects [Pie02].

From a practicality standpoint, width subtyping is good enough for ”stan-
dard” types. For information flow security it is not necessarily the case. Whereas
the need to freely change the types of parts of the heap may seem far fetched,
i.e., from a boolean to an integer, the need to change a location from hold-
ing public integers to holding secret integers is not as unreasonable, especially
considering that, unlike standard types, information flow types are intrinsically
flow sensitive. In addition to this, there are important extensions to basic
information-flow security that rely on flow-sensitivity [HS08].

Contribution We present a general method for making use of may- and must-
alias information to allow for flow-sensitive types on the heap. Whereas previous
work has tried to combine the computation of the alias information and its usage,
we use our recently proposed abstract-interpretation plugin framework [GHOS|
to decouple the computation and the usage of the alias information. This allows
us to use the alias information in a general and clear way, while at the same time
allowing us to instantiate the resulting type system with different alias analyses
— from the most basic ones to, e.g., the most elaborate shape analyses.

The main contributions of this paper are that we 1) show how the plugin
framework can be used to carry over structural information about the heap,
2) show how may-alias information can be used to formulate a structural sub-
typing rule, and 3) show how may- and must-alias information can be used in
combination to allow for strong updates on the heap, i.e., updates that do not
follow the subtype hierarchy.

Outline The paper is laid out as follows. Section 2 introduces the language,
Section 3 recapitulates the needed parts of the method of parameterization, and
Section 4 introduces the basic type system and the correctness statements —
in particular preservation of types. Section 5 discusses the basic idea of flow-
sensitive heap types, defines the used representation of may- and must-alias
information — structural environments — and their semantics, and shows how
structural heaps can be extracted from the parameterized alias information.
Section 6 contains the first use of may-alias information to achieve a limited
form of flow-sensitive heap types. The basic idea is to use the may-aliases
to form a structural subtyping rule, where all symbolic locations that may be
aliased are guaranteed to have the same type view, which guarantees that all

1Java does allow this, which forces a runtime check when storing objects into arrays.
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concrete environments will be width well-formed. Section 7 shows how may-
and must-alias information can be combined to support strong updates if the
updated location is in an isolated cluster of must-pointers. Finally, Section 8
discusses related work, and Section 9 concludes.

2 Language

The language used to illustrate our method is a small imperative language with
records.

Syntax Let f range over field names, b range over booleans, ¢ range over
integers, and x range over variable names. The syntax of the language is defined
as follows, where A ranges over record type names.

Expressions e nil |bli|xz|erxes | z.f
Commands ¢ == z:=e|a1.fi=a2|if eci ca]crsen]
while e ¢ | x := new(A) | skip

Values The environments are pairs of stores s and heaps h. The stores are
maps from variables x to values v, and the heaps are maps from pointers p to
records . The records are maps from field names to values. Finally, the values
are made up by booleans, integers and pointers; the error lifted values, ranged
over by v, are either values or | indicating an error. We impose the restriction
that heaps may not associate the null-pointer to anything, i.e., the null-pointer
must not be in the domain of any heap.

= {levla"'7fn'_>Un}
s = {x1 U1, T UL}
h u= {pi—71,....,pn = Tn}

v ou=blilp
E == (s,h)

Let r.f denote r(f), and for E = (s, h), let E(x) denote s(z), Flx — v] denote
(s|lz +— ], h), E(p) denote h(p), and similarly for other operations on environ-
ments including variables or pointers.

Semantics We assume a simple reduction semantics for expressions of the
form (E,e) || v, .

The semantics of commands is given in terms of a small step semantics
between configurations with transitions of the form (E, ¢) — C, where C is either
one of the terminal configurations L and E indicating abnormal and normal
termination in the environment E, respectively, or a non-terminal configuration
(E,c). Figure 1 contains the semantic rules for commands, where rec(A) creates
a fresh record of type A with all fields set to 0 or nil, depending on their type —
we assume the existence of a map A from record type names to structural record
types (defined in Section 4 below). The origin of this map is not significant for
this work, and, thus, left unspecified, but is typically created from the program
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s(x1) = nil
(E,z :=v) — (E[z — v], skip) ((s,h),z1.f == x2) — Loy
s(r) =p  h(p)=r s(@s)=v
((s,h), w1.f := wa) — ((s, hlp = r[f — v]]), skip)

(E,if truecy ca) — (E,cy) (E,if false ¢y ca) — (E,ca)

(E, while e ¢) — (E,if e (c; while e ¢) skip)
r=rec(A) p¢ dom(h)
((s,h), 2 := new(A)) — ((s[z — pl, hlp — 71), skip)

(B, skip; c) — (E, )
Figure 1: Semantic rules for commands

source, possibly in combination with a system specific map. The record name
map is invariant under the execution of the program, and is left implicit in the
rest of this paper.

Following [GHO8] we extend the command language with label annotations
to track how environments flow in and out of commands during execution and
add the following rules for reduction of labeled commands. Let [ range over
labels drawn from the set of labels £. A command ¢ can be annotated with
an entry label (c)!, an exit label (c);, or both (c)g In the following, ¢ ranges
over possibly annotated commands, i.e., (¢)! denotes a command with at least
an entry label [, and similarly for exit labels. For while-loops decorated with
an entry label we add the following reduction rule.

(B, (while e ¢)')y — (E, (if e (c; (while e c)') skip)')

For commands decorated with entry labels that are not while-loops, and for skip
decorated with an exit label we add the following reduction rules.

(E1,c1) — (E2,c2)
(Er, (c1)') — (B2, c2) (E, (skip)i) — (B, skip)

As is common for small step semantics we use evaluation contexts R to
determine the position of the next computation step.

R == -|a:=R|if Rcc|R;c| (R)

The accompanying standard reduction rules, found in Figure 2, allow for left-
most reduction of sequences, error propagation, reduction of expressions inside
commands and reduction of commands under exit labels.
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(E,e) | v (E,ey | L
(E, Rle]) — (E, R[v]) (E,Rle]) = Lp
(E1,c1) — (Fa,c2) (E,c) — Lg
(Bv, Rla1]) — (B2, Re2]) (E,R[d]) = Lp

Figure 2: Semantic Rules for Contexts

3 Parameterization

Before presenting the type system we recapture the fundamental parts of the
method of parameterization. For a more thorough exposition see [GHOS].

Abstract Environment Maps Let E range over some form of abstract en-
vironments with an associated concretization function ~, mapping abstract en-
vironments to sets of concrete environments. An abstract environment map is
a map from labels to abstract environments. We say that an abstract envi-
ronment map M is an entry/exit solution with respect to a command c¢; and
a concrete environment FE; if it represents all environments flowing into/out of
each command as follows where s is the predicate for entry solutions and os
the predicate for exit solutions.

iscE;I (M) = VEQ, Co. <E1 s C1> —* <E2, R[(Cg)lD ——
Es € y(M(1))

OSCE11 (M) =VEs. (E;,c;) —* (Eqo, R|(skip);]) =
Ey € y(M(1))

The definition is lifted to sets of initial environments C in the obvious way.

Plugins Properties and Plugins A plugin property R is a family of ex-
pression liftings of a relation R on values, defined in the following way.

(e1,...,en) ERG, =(Ee1) v A~ A{(E,en) vy = (v1,...,0,) ER

Plugin properties define the meaning of the plugins, in the sense that the plugins
are approximations of the plugin properties.

A plugin is a family of relations on expressions indexed by abstract envi-
ronments. RF is said to be a plugin for R® given that the following property
holds.

(e1,...,en) € RFE = VE € y(E). (e1,...,en) € R},

The plugin framework cannot be used to directly transfer alias information.
In Section 5 we show algorithmically how equality and inequality information
about pointers can be used to build may- and must-alias views of the heap,
respectively. Thus, in this paper we will be using two plugins: one for may-alias
extraction corresponding to lifted pointer inequality, and one for must-alias
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extraction corresponding to lifted pointer equality (excluding the null-pointer).
Let R# denote plugins for pointer inequality, and let R~ denote plugins for
pointer equality. For convenience, let R* denote the negation of the pointer
inequality plugin — two pointers that cannot be shown to be unequal must be
assumed to be aliased.

4 Type System

The type system introduced in this section is used as the base for two differ-
ent extensions: structural weakening and strong updates which we investigate
separately in Section 6 and Section 7 respectively.

Type Language The primitive types, ranged over by 7, are the type of
booleans bool, the type of natural numbers nat, the type of integers int, and
the pointer types, represented by record type names A. The record types w
are maps from fields to primitive types. As mentioned above, A is a map from
record type names to record types. The store types, ranged over by >, are maps
from variables to primitive types. The exception types, ranged over by &, are
15, indicating the possibility that an exception is thrown in the environment
type X, and T indicating that no exception is thrown. This is a simplification
from typical models of exceptions, where multiple types are used to indicate the
reason for the exception. However, for our purposes this model suffices — the
results are easily extended to a richer model.

T == bool | nat | int | A w o= e fae Tl
€ wm Us|T Y = {r1 T, X0 — Th}
- z A = {A—w,.. Ay w}

Subtyping We define two standard subtype relations: width subtyping <t
and width-depth subtyping <:q. For brevity, we will use the term depth subtyp-
ing to refer to width-depth subtyping in the rest of this paper. Most of this
paper is only concerned with width subtyping; thus, when not explicitly marked
otherwise, <: refers to width subtyping.

Width subtyping provides a uniform type view of the heap, see, for instance,
invariant subtyping for ML references [Pie02], which is needed to support updates
in the presence of aliases? see below for a more thorough explanation.

Common to both width subtyping and depth subtyping are the rules for
primitive types, exception types, and store types.

T <iwa T Nat <iy/q int
> <lw/d 2o
J—E1 <:w/d J—E2
Vo € dOm(Eg) 21($) <:w/d EQ(I)
1 <:w/d Yo

§<twya € T <iwyals

2In the absence of additional analyses.
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The difference between the relations is captured by the rules for subtyping
of record types. Width subtyping allows records to be seen as smaller records
while retaining the types of the remaining fields, i.e., bigger record types are
subtypes of smaller given that all fields in the domain of the smaller record type
are mapped to the same types in both the smaller and the bigger, while depth
subtyping demands that all fields in the domain of the smaller are mapped to
types that are depth subtypes of the corresponding types in the smaller record

type.
Ve dom(ws). wi.f =wa.f Ve dom(ws). wi.f <iqwa.f

w1 <l W2 w1 <ig w2

The subtyping relations naturally induce a subtype relation on record type
names. Thus, even though the system introduced so far is nominal, we use
structural subtyping, defined on record identifiers as the smallest relation on
record names <:,,/q satisfying:

A(Ar) <ipya A(A2)
A1 <iyja A2

This is in contrast to the more frequent use of pure nominal subtyping, where
the programs explicitly declare what record names are subtypes of each other.

Width versus Depth Subtyping The subtyping relation defines when ob-
jects of one type can be safely seen as having another type. For instance, it is
perfectly safe to view a natural number as an integer, since the set of integers
include all natural numbers. It may seem natural to extend the subtyping rela-
tion to records based on the same subset argument; after all, the set of records
with a field f holding a natural numbers is included in the set of records with
the same field f holding an integer.

Such an extension of the subtyping relation to records is provided by depth-
subtyping and is, in fact, perfectly sound in the presence of aliases as long as
we only read from the records. However, in the presence of aliases and updates,
depth subtyping is not sound, as illustrated by the following program where
A(A) ={f :nat} and A(B) = {f : int}.

A x := new A; By := (B) x; y.f := -1; nat z := x.f;
In this example and the following examples we will use A, B, C, ... as record
type names, and x, vy, z, ... as variable names. In addition, for clarity, we will

allow type annotations, type casts, and field assignment of constants — neither
is necessary, but allows the examples to be more concise. For example, in the
above program the cast in the assignment y := (B) x is needed to change the
type of x to B before the assignment. Otherwise, the type of y would simply be
overwritten by the type of x, i.e., A, since variable updates are flow-sensitive.
The example first creates a record with a field f of type natural numbers.
Using depth subtyping we create an alias to the record with an integer field
type. As noted above, reading the field via x and y is still sound - x has a more
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E(l‘l) =A E(xg) =T
Yke:7,¢ T <: A(A).f
LYH 2 :=e= Sz 7],¢ YH 2. fi=2 = %, 1y

Yite: bOOl,§ > F Cc1 :>22,§ Y1 F Co :>22,§
Y1 - Zf e Cc] Co :>22,§

Yhe:bool,6 YH c=3¥¢
Y while e ¢ = X, €

21 I—T 01:>22,§ 22 I—T 02:>E3,§
S eyer = 83,

Y H 2= new(A) = Sz — A], T

Yo Ffe= >3, &1
Y <:Yy Ea<iXy & <&

¥ T skip =X, T 1 I—Tc:>24,§2

Figure 3: Type Rules for Commands

precise type, viewing the field as a natural number while y views it as an integer.
However, the types permit us to update the field with an integer via y, and to
read the written integer as a natural number via x, effectively introducing a cast
going the opposite direction of the subtype hierarchy. Thus, a weakening rule
as the one found in Figure 3 but based on depth subtyping rather than width
subtyping is unsound.

It should be pointed out that writing is sound using a depth subtyping
rule with the subtype of the fields inverted, i.e., we can view a record with an
integer field as a record with a natural number field — all natural numbers
are also integers and limiting the values that can be written into the field is
unproblematic. For this reason reading is known as being co-variant, i.e., that
sound subtyping with respect to reading extends structurally in the same way,
and writing is known as being contra-variant, i.e., that sound subtyping with
respect to writing extends structurally in the opposite way [Pie02]. In a system
where the same type governs both reading and writing, the types of the fields
must be both co-variant and contra-variant, i.e., they must be invariant. This
is represented by the width subtyping that demands equality on the types of the
fields, which implies invariance, since the subtyping relation is reflexive.

Expression Type Rules The typing judgment for expressions, ¥ F e : 7,¢&,
is read as the expression e is well-typed in the environment type ¥, with return
type 7 possibly resulting in exceptions as indicated by £. The type rules for the
expressions are entirely standard, and omitted for brevity.
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>0
6 b : bool O bi:int 6 Fi:nat
o(p) <: A
oFnil: A oFp: A
V(f,T)Ew. o rf:T V(z,7) €X.0b s(z): 7
okr:w ks X%
V(p,A) €0. 6+ h(p) : A(4) SFs:% dkh
ok h Ok (s,h): %
oFv:T
oFwv:T¢& oFL:7 1y
5FE:22 Ell—TC:>22,§ 6|—E221
SHY Lg%, LIy, SHEY (B, c): $9,&

Figure 4: Well-formedness

Command Type Rules The type system for commands is flow sensitive;
each command is typed with respect to a pre and a post environment type.
The typing judgment for commands, ¥; FMr Mo, R R (o oy 39, & is read as the
command c is well-typed with respect to the abstract environment maps My,
and Mo, the plugin R, and the plugin R~ in the environment type 3, resulting
in the environment type X, possibly resulting in an exception as indicated by
€. The standard type rules for commands are shown in Figure 3, where T
is used as short form for F:MoR"R™ " The standard type system serves as
the foundation for the extension with rules for structural weakening and strong
updates.

4.1 Correctness

As is done by Pierce [Pie02] we split the correctness argument into two the-
orems, progress — intuitively, that well-typed commands and expressions are
able to execute in all environments that conform to, i.e., are well-formed with
respect to, the entry environment type of the command or expression — and
preservation — intuitively, that the result of running the command or expres-
sion conforms to the exit environment type of the same. Together, progress
and preservation guarantee proper execution of well-typed programs in all well-
formed environments; progress and preservation repeatedly guarantee one step
of execution, and that the result is well-formed.

Well-formedness We define two well-formedness relations, one correspond-
ing to width subtypes, and one corresponding to depth subtypes. More precisely,
well-formedness is formulated as a family of relations between values and types,
indexed over pointer typings. The pointer typings, ranged over by 4, are maps
from pointers to record type names and make the well-formedness relation induc-
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tively definable also for cyclic heaps. The rules for well-formedness are found in
Figure 4, where 1 is used as short form for Hz Mo, RTR™ The well-formedness
relations are entirely standard; the interaction between the well-formedness rela-
tion for stores and heaps, together with the well-formedness relation for records
guarantees that if an environment is well-formed with respect to a store type
and a pointer typing, then the pointer typing types at least all live (reachable)
pointers.

Progress and Preservation of Expressions Preservation of expressions
expresses that well-typed expressions preserve well-formedness under execution,
i.e., for an expression e such that ¥ F e : 7,&, running e in X-well-formed
environments will result in 7, &-well-formed values.

Theorem 4.1 Preservation of Types of Fxpressions
Yte:é =0 E:XAN(E,e) v, = dFv :7,¢&

Proof 4.1 By induction over the derivation of X & e : 7,&. The proof is entirely
standard and is omitted for brevity.

Progress of expressions expresses that well-typed expressions are able to
execute in correspondingly well-formed environments, i.e., for an expression e
such that X e : 7, it is possible to run e in any 3-well-formed environment.

Theorem 4.2 Progress of Expressions
Yhe:r,é = 46FE: Y= v, .(E,e) v,

Proof 4.2 By induction over the derivation of X & e : 7,€. The proof is entirely
standard and is omitted for brevity.

Together progress and preservation for expressions guarantee that well-typed
expressions are able to run in correspondingly well-formed environments, and
that the results are well-formed.

Progress and Preservation of Commands Preservation of types of com-
mands is formulated in essentially the same way as for expressions, i.e., for
a command c such that ¥; F' ¢ = 5, &, running ¢ in any 3;-well-formed
environment that is in any set of initial environments C which makes M; an
entry solution and My an exit solution for ¢ will result in a Yo, &-well-formed
configuration.

Theorem 4.3 Preservation of Types of Commands

5y FMrMoRTR™ o 5 € AisS (M) A 056 (M) =
E€CAOFE S A(E c)—C =30 0o F C: %y, ¢
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Proof 4.3 By induction on the derivation of 31 FMr Mo, RTR™ ¢ = 9,&. The
proof is entirely standard since the standard type rules do not make use of the
parameterized information and is omitted for brevity.

Progress of commands expresses that well-typed commands are able to run
in correspondingly well-formed environments, i.e., for a command ¢ such that
Y1 H e = %5, &, it is possible to run ¢ in any 3;-well-formed environment.

Theorem 4.4 Progress of Commands

5y FMrMo RTRT (o Yo, & A isS(My) A 0s$(Mp) =
EeCANOFE ¥ = 3C. (E,¢c)—C

Proof 4.4 By induction on the derivation of ¥ FMr Mo, RTR™ Yo, & The
proof is entirely standard since the standard type rules do not make use of the
parameterized information and is omitted for brevity.

As above progress and preservation interact to guarantee successful execu-
tion of well-typed commands in well-formed environments. Let (E, ¢) —™ C be
the obvious lifting of the small step evaluation to evaluation of n consecutive
steps. We formulate the top-level correctness of commands, that well-typed
commands terminate in well-formed environments or result in well-formed con-
figurations regardless of the number of execution steps, in the following way,
where T ranges over terminal configurations.

Theorem 4.5 Top-level Correctness of Commands

3y FMOMORTRT o) = 3, € A isC, (M) A 05, (Mo) =
EieCNoHE; 221/\<E1,Cl> -" =

35y . Oy FMIMoRT.R™ oy, ¢

Proof 4.5 The proof of top-level correctness for commands proceeds by induc-
tion over the number of execution steps. The proof is completely independent on
the parameterized information, and thus valid for all possible parameterizations
and proceed by induction over the number of execution steps. For brevity we

refer to [GHO8] for the details of the proof.

5 Heap Types and Aliases

The type system presented in Section 4 allows the types of the variables to
change; after an assignment to a variable, the type of the variable becomes the
type of the expression that was assigned to the variable. This is an example of a
flow-sensitive type system. As discussed, this type scheme does not immediately
extend to records. Instead, it is common to demand type invariance for heap
locations to guarantee a uniform type view of the heap.
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Let sl range over symbolic locations, defined as follows.
sle=ua | slf

The meaning of the symbolic locations with respect to a concrete environment is
defined by recursive dereference. In a given environment, each symbolic location
refers at most one concrete location, but different symbolic locations may refer
to the same concrete location. When this occurs, we say that the symbolic
locations are aliased.

This section explores the details of the interaction between aliases and sub-
typing in the presence of reading and writing, and how alias information can be
obtained using the plugin framework. The following two sections show how this
information can be used to achieve a certain degree of the freedom enjoyed by
variable types — simplified, the alias information is used to make sure that all
aliased locations agree on the type.

5.1 Flow-sensitive Heap Types

Consider the flow-sensitive type rule for variable assignment from Section 4.

Ykhe:T €
YH 2 :=e= Sz — 7),¢

The soundness of this rule relies on the fact that each variable is stored at a
unique place in the store, which is not shared by any other variables. Thus,
writing to a variable does not modify the value, and hence neither the type, of
any of the other variables.

A similar rule for records on the heap is not immediately possible in the
presence of aliasing. Similar to above, if such a rule is provided we have a direct
way of making a single concrete location seen as having two different types. As
shown above, such a situation is equivalent to having a way of freely casting
between the two types by writing into the concrete location via one symbolic
location, and reading from the other symbolic location, as illustrated by the
following program assuming that A(A) = {f : int}.

A x := new A; Ay :=x; y.f 1= true; int z := x.f;

First, x and y are initialized to point to the same record. Thereafter, the field
of that record is updated with a boolean via y, causing the type of y to become
{f : bool}. Integers written via 2 can now be read as booleans via y, and vice
versa.

5.2 Alias Information

Alias information is information about which symbolic locations may be or
are guaranteed to be aliased with each other. There are two forms of aliases,
may- and must-aliases, corresponding to whether two symbolic locations may
be aliased, i.e., it cannot be ruled out that they are aliased, or must be aliased,
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i.e., they are always aliased. Intuitively, if x and y are may-aliased then it may
be the case that in one of the program runs x and y contain the same pointer.
On the other hand if z and y are must-aliased then it must be the case that
they contain the same pointer in every program run.

There are two common forms of alias information: as a map from program
points to 1) relations on symbolic locations, or 2) structural environments —
see [Deu94] for references of both methods.

In the former, if a pair of symbolic locations (s, sk) are related for some
program point labeled with [ then, in the may-alias case, it cannot be excluded
that sli and sl contain the same concrete pointer at [ in some program run,
and, in the must-alias case, it must be the case that sl; and sl contain the
same pointer at [ in all program runs. To keep the alias information finite in
the presence of cycles, two important properties of (both may- and must-) alias
information are used. The first property is a form of substitutivity property

(Sll, 812) A (Slg, 514) — (513[511/812], 814[511/512]) (1)

which expresses that if sl; and sl are aliased then one can form new aliases by
replacing sl; with sly in other aliases. For example, if (x,y) and (z,z.f), then
we know from this rule that (y,y.f). This property subsumes transitivity, since
if (sly, sk) and (sk, sl3) then (s, sl3). The second property

(Sll, SZQ) — (Sll.f, SlQ.f) (2)

expresses that anything reachable from an alias is also an alias.

For our purposes the second form of alias information — the structural
environments — is more convenient to work with. The idea behind structural
environments is to have an abstract representation that captures information
about the common structure of a set of concrete environments. This is achieved
by using abstract structural pointers with the property that (may- and must-)
aliased symbolic locations contain the same structural pointer.

Syntax of Structural Environments The syntax of the structural environ-
ments follows the syntax of the values, with pointers represented by abstract
pointers, and all other values represented by an abstract dummy.

5 iz e o= {fi— 0, fn— Un}
5 _,_fgﬁ) 8 u= {oi o BT o O
T ’ h == {ﬁl’_’?luﬁn’_’?n}

That is, the structural values ¥ are either structural pointers, ranged over by p,
or any other value represented by e. A structural record 7 is a map from field
names to structural values, a structural store 5 is a map from variable names to
structural values, and a structural heap h is a map from structural pointers to
structural records. Finally, the structural environments E are pairs of structural
stores and heaps.
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May-alias interpretation We define the may-alias meaning of the structural
heaps in terms of a may-alias concretization function 4. In the following we
will drop the superscript when possible without risk of confusion. Let £ range
over maps from structural pointers to non-empty sets of concrete pointers. To
make sure that different structural pointers get mapped to different concrete
pointers we parameterize the concretization function over a structural pointer
valuation with pairwise disjoint codomain, excluding the null-pointer. We say
that such pointer valuations are may-alias sound.

Definition 5.1 (May-alias sound pointer valuation) A pointer valuation
& is may-alias sound if it does not map anything to the null-pointer and has a
pairwise disjoint codomain, i.e.

VD1, P2 € dom(§) . p1 # P2 = £(P1) NE(P2) =0
Let £ range over the set of may-alias sound pointer valuations.

Let W\, be the set of concrete values excluding the pointers. The concretiza-
tion for primitive values is defined as follows.

’Yﬁt(.) =Wy 7§+ (D) = £ (p) U {nil}

The concretization function is extended structurally while allowing all pos-
sible combinations of concrete pointers as defined by the pointer valuation.
For records we let ”ygl ™) =A{r| f € dom(r),r.f € ’ygl (r.f)}, and similarly
for stores ”yg;(g) = {s | z € dom(s),s(z) € ”ygl (5(z))}. For heaps we let
v&(h) = {h | § € dom(h),p € £¥(B),h(p) € 7/ (h(P))}. Finally, we define
”ygl (E) for environments by combining the results from the concretization func-
tions for heaps and stores using the same pointer valuation.

The set of concrete environments associated with one particular structural
environment is the union over all may-alias sound pointer valuations.

yHE) = v (B)}
g+

Must-alias interpretation The concretization function above defines the
meaning of may-aliases; with a small change in the interpretation of the struc-
tural values we can define the meaning of must-aliases. Let v~ denote the
concretization function for must-aliases. As above when there is no risk of con-
fusion the superscript is dropped. A pointer valuation is must-alias sound if all
sets in its codomain are singleton.

Definition 5.2 (Must-alias sound pointer valuation) A pointer valuation
is must-alias sound if all sets in its codomain are singleton and do not contain
the null-pointer, i.e.

vp € dom(§) - €(p)| =1

Let €~ range over must-alias sound pointer valuations.
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For structural values we define the must-alias concretization function as
@)=V () =& ®)

with the difference that, unlike M\, V ranges over the set of all concrete values
including the pointers. The structural extension of the concretization function
to structural environments is done in exactly the same way as above.

As before, the set of concrete environments associated with one particular
structural environment is the union over all valid pointer valuations.

v (EB) = J{ve (B)}
pa

This means that the must-alias information only conveys information about
which pointer locations must be equal — it does not rule out any other aliases,
and considers all locations to be possibly aliased with any other location.

5.3 Plugins are Under Approximations

Sound may-alias information can be seen as an over approximation of the pos-
sibly aliased locations, i.e., it is safe to consider more locations to be aliased
than actually are.

When designing plugin properties for probing may-alias information we must
take into consideration that plugins are by definition under approzimations, and
as such not suitable for probing over approximations — if two locations are not
marked as being aliases the conclusion is that they are unaliased, however a
plugin may by definition freely exclude locations from the relation, making this
conclusion invalid.

The solution to this is to use the dual interpretation of may-aliases — must-
not aliases — i.e., the under approximation of guaranteed unaliased locations.
Thus, instead of using equality on pointers as the relation for our plugin property
we use inequality.

5.4 Extracting May-Aliases

Using the may-alias plugin R™* defined above we can extract may-alias informa-
tion by a traversal rooted in the variables of pointer type.

The algorithm takes a may-alias plugin R, an abstract environment aenv, a
list of previously visited symbolic locations vs, a structural environment which
is modified during the traversal env, and a work list of symbolic locations yet
to be visited 1s. Each iteration removes the topmost symbolic location of the
work list, and checks it against all previously visited symbolic locations. If
it is guaranteed to be unaliased with all previous locations a fresh structural
pointer is introduced and the symbolic location associated with it; otherwise,
the symbolic location is associated with the structural pointer of the found
previous location. Whenever a new symbolic location is introduced all relevant
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succeeding symbolic locations (the fields of pointer type) are added at the end
of the work list.

In the pseudo code below, lookup env v gets the structural pointer associ-
ated with v in the structural environment env, env[p -> *] returns an updated
version of env where p is associated with an initialization record that is type
compatible with the location associated with p, i.e., the fields of pointer type
are empty (they will be updated by subsequent iterations) and all other fields
contain e, env[l -> p] returns an updated version of env where the location 1
is associated with the structural pointer p, and fields of 1 returns the list of
symbolic locations of the fields of 1 of pointer type?

extract _ _  env [] = env
extract aenv R vs env (l:1s) =
case find (not . R aenv 1) vs of
None -> p fresh pointer
env’ env[p -> *][1 -> p]
1fs fields of 1
extract aenv R (l:vs) env’ (ls++1fs)

Some v -> p = lookup env v
env’ = env[l -> p]
extract aenv R vs env’ 1s

We define the extraction function n* for may-aliases in terms of the above
extract function as follows, where initp is the list of initial symbolic locations
— the variables of pointer type (as given by the store type).

nT(E,R",T) = extract ERT [] ([],[]) initp

Thus, 7 (E,R",T) extracts a may-alias view of E, using R™ starting in the
variables given pointer types by I'.

The correctness of the algorithm relies on the substitutivity property of
the may-alias information. Termination of the algorithm relies on the abstract
environment and the number of fields being finite and every non-terminated
path of field references in the may-alias information containing a cycle, i.e.,
there must not be an infinite number of unaliased locations; a formal definition
of this cyclic path property is found in Appendix A. For each underlying may-
alias information there exist plugins for which these properties hold.

5.5 Extracting Must-Aliases

Similar to above, we can extract must-alias information using the must-alias
plugin R™.

The algorithm takes a must-alias plugin R, an abstract environment aenv,
a list of previously visited symbolic locations vs, a a structural environment
which is modified during the traversal env, and a work list of symbolic locations
yet to be visited 1s. Each iteration removes the topmost symbolic location of

3All aliased locations are required to have the same type.
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the work list, and checks it against all previously visited symbolic locations. If
it is must-aliased with any of the previously inspected symbolic locations it is
associated with the structural pointer of the found previous location; otherwise,
it is checked whether it is must-aliased with itself, which would imply that it
is guaranteed not to be a null-pointer? If it is must-aliased with itself a fresh
structural pointer is introduced and the symbolic location associated with it. If
it is not then the symbolic location is associated with e.

extract _ _ _ env [] = env

extract aenv R vs env (l:1s) =

case find (not . R aenv 1) vs of

None -> if R aenv 1 1 then

) = fresh pointer
env’ = env[p -> *][1 -> p]
1fs = fields of 1
extract aenv R (1l:vs) env’ (ls++1fs)
else
env’ = env[l -> e]

extract aenv R vs env’ 1s

Some v -> p lookup env v
env’ = env[l -> p]
extract aenv R vs env’ 1s

The extraction function 1~ for must-aliases is defined in the same way as
the extraction function for may-aliases and correctness and termination of the
algorithm rely on the same properties.

6 Structural Weakening

This section details how may-alias information can be used to safely weaken the
types of heap locations. The section begins with two examples that show why a
naive extension of the standard weakening rule is unsound, and how structural
alias information can be used to provide a sound weakening rule by demanding
that all aliased locations are subject to the same type changes. Thereafter, we
introduce the basis for the weakening, the decorating structural well-formedness
— essentially a well-formedness relation for structural values — and show how
it can be used to create a sound weakening rule. The section ends with a small
example illustrating the use of the weakening rule.

As we saw in Section 4, a weakening rule based on depth-subtyping is not
sound in the presence of aliases and updates. The problem is that depth-
subtyping makes it possible to create different type views of aliased symbolic
locations. Without alias information we are forced to impose an invariant type
view of all locations that may be aliased using width-subtyping; with may-alias
information it is possible to relax this demand and demand an invariant type
view only on the locations that are may-aliased.

4This is the case since the plugin for must-alias excludes the null-pointer.
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To illustrate this, assume a set of concrete environments S, e.g., the set of
environments reaching a certain program point in a particular program. Assume
that x and y are may-aliased and that x and y are unaliased with z, i.e., there
exist at least one environment in S, where  and y point to the same record,
and in no environments in S does z point to the same record as x or y. Assume
further that all of x, ¥ and z point to records of one field f holding a natural
number, i.e., that the environments in S are well-formed in 5 = {z: A,y : A,z :
A}, where A(A) = {f : nat}. The possible heaps in S (up-to type constrained
isomorphism and omitting null-pointers) can be illustrated as follows.

¥

[ — f i nat T __
| =

It is clear that we can safely change the types of x and y to hold an integer as
long as we change both, i.e., all environments in S are well-formed in ¥o = {z :
B,y: B,z : A}, where A(B) ={f : int}.

f i nat

Y Y
AL ()
| -
z| — f i nat z —

To see how structural may-alias information can be used to achieve this consider
the structural representation of the situation above: § = {x — p1,y — p1,2 —

Pa}, with b = {1 = {f > &}, 52 — {f = e} }.

8
|
&h
I
[ ]

I3
|
—~
Il
°

As can be seen in the picture and as was described in Section 5.2 all locations
that may be aliased contain the same structural pointer. Thus, the same ideas
underlying width well-formedness for concrete environments can be used for
structural may-alias information to ensure a uniform type-view for all may-
aliased locations.

Decorated Structural May-Aliases We define the well-formedness relation
for structural may-aliases following the standard well-formedness; in addition
we let the structural well-formedness produce a type decorated version of the
structural environment — the use of the decoration will become apparent below.
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Qp) <A A< Qp)
QFp:Anp

(fiT)ew QFF.fiT ATy f

dom(7) = dom(74) = dom(w)

QFe:7 e, 7€ {nat,int, bool}

QFT:wnTy
V(z,7) € 8. QF s(x) : 7~ Sq(x)
dom(3) = dom(84) = dom(X)
OFs5:Y N5y
¥(, A) € Q. QFh(D) : A(A) ~ ha(p)
dom(h) = dom(hg) = dom(§2
QFh o~ ha
QF5:2n5 QFh~ hy
QF (5,h) : S ~ (54, ha)

Figure 5: Decorating Structural Well-formedness

The language for the decorated structural may-aliases is identical to the
language for the structural may-aliases with the addition of a type decoration
on all occurrences of e:

7 oa= e

When needed we use Uy, Tgq, Sq, hg, and Ey to distinguish decorated values,
records, stores, heaps and environments from the undecorated structural may-
alias counterparts.

Concretization of Decorated Structural May-Aliases The concretiza-
tion is constrained to the meaning of the type annotation, instead of all values
apart from the pointers

7 (o) =[]

where [nat] is the set of natural numbers, [int] the set of integers, and [bool]
the set of booleans.

Decorating Structural Well-formedness Let ) range over structural pointer
typings, i.e., maps from structural pointers to record identifiers. The rules for
the decorating structural well-formedness are found in Figure 5, and are easily
extended to decorated structural values by replacing the rule for e with:

71 <! T2
Qe :Ta o

71, T2 € {nat, int, bool }

The decorating structural well-formedness has two important properties. First,
the type decoration does not exclude any well-formed environments.
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Lemma 6.1 (Stability of Type Decoration)
Qmac b E: S A E4ANSFE:SAE e~ (E) = E c~1(Ey)

where Qaqe denotes the maximal Q with respect to which E is well-formed in
3. See Appendix B for details.

Proof 6.1 First, E € 7*‘(@) implies the existence of &7 such that E € 7; (E)

Now, Lemma B.2 gives us that E € 7;; (E). The result is immediate from
E,=

Lemma B.7, and Lemma B.9.

Second, well-formedness is preserved by concretization of the decorated struc-
tural environment. Let dq ¢+ be the pointer typing induced by € and T, e,

da.e+(p) = Q¢ (p)). We know that £+~ exists, since all may-alias sound
pointer valuations are injective.

Lemma 6.2 (Preservation of Well-formedness under Concretization)
Ok Eq:SAE €vf(Eg) = bqer FE: 3

Proof 6.2 Given that E = (s,h) we must show that dq ¢+ F s : X, and that
dq e+ = h. The result is immediate from Lemma C.3, and Lemma C.5.

One way of viewing the decorated structural may-alias representation is as a
may-alias aware environment type, i.e., an environment type where types have
been specialized to the may-alias structure. The following picture of the stan-
dard type view to the left and the decorated structured may-alias environment
from the example above to the right illustrates this idea.

e

Y

i

It is easy to see how the structural may-alias information limits the freedom of
the types as illustrated by the following picture showing three different environ-
ment types and a structural environment (rightmost). The structural environ-
ment gives a limit to the maximal possible type structure in the sense that it
defines which symbolic locations must have the same types. Thus, intuitively,

the two leftmost environment types are compatible, but not the third, since the
third tries to give x and y different types — A3 and As respectively.
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For a more detailed explanation, assume that Ay, Ao, and As are different.
The first example can be accommodated by choosing A4 = A5 = A; and thus
T4 = T = 71, the second example by choosing A4 = Ay and A5 = Ay, and thus
T4 = T and 75 = 71, whereas the third example cannot be accommodated, since
that would imply choosing A4 and 74 to two different types corresponding to
different type views for aliased locations.

With this view the well-formedness for decorated structural values can be
used to formulate something that can be seen as a constrained depth-subtype
relation. To see this let Q1 = £ : 31 ~ EgAQa = Eq @ ¥a be written X; <:5 Y.
We have the following semantic property.

Lemma 6.3 (Structural Subtype)

S1<ipTaAEENG(EYASFE: % = 30.6F E: %,

Proof 6.3 We have that (1) Q1 F E : Sy ~ Ey, (2) Qo b Eq: 5o, (3) E €
7;+(E), and (4) 0+ E : %4

First, Lemma 6.1 together with (1,4, 3) gives us that (5) E € ”yg; (E4). Now,
Lemma 6.2 together with (2,5) gives us that g, ¢+ = E : ¥ and we are done.

To illustrate the use consider the example from above where § = {2 —
ﬁlay = ﬁluz = ]/9\2}7 with h = {]/9\1 e {f = .}7]/9\2 = {f = .}}7 E1 = {:E :
Ay : Az : A} and 3o = {x : B,y : B,z : A}, where A(A) = {f : nat}, and
A(B) = {f : int}. In this example the two steps of ¥ <i(5h) L2 are {p1 —
A2+ Ab b (5.1) : S1 A (Sa,ha), and {py — B,Fa — A} & (54,ha) 1 D2,
for 54 = 5 and hg = {p1 — {f — ®nat}, P2 — {f — enat}}, since nat <: int,
as illustrated by the following picture, where the subtyping annotations express
the demands put on the structural environments by 3; in the middle structural
environment and Yo in the rightmost structural environment.

¥ <:nat b0} <:int

e — ¢ —7E o) A = e
y Ny y

<:nat <:nat
DI C s e
The picture illustrates how X; has decorated the the original structural envi-

ronment (8, h), and how 3 is able to change the type view of z and y to a super
type of the previous type recorded by the decorated structural environment.

Structural Weakening Based on this we can create a new weakening rule
based on well-formedness where the structural representations of the entry and
exit environments of a command ¢ are used to ensure that all aliased pointers
have compatible type views. Let M; and Mo range over entry and exit solutions,
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respectively, and let n* be the may-alias extraction function.

¥y FMEMoRTR™ o 510 6 & <1 &y
> <ipt(Mr(h),R*,%1) 2o X3 St (Mo (), R+ %) 24

TR Al
¥y FMOMoRERT (o)1 = 5y, &

We prove soundness of the structural weakening rule by proving preservation of
types for it.

Lemma 6.4 (Preservation of Types of Structural Weakening)

£y PO R R ¢ s 3, € A isS(ML) A 05 (Mo) =
E€CANSFE Y AN (Ec)—C=

365. 0y FMIMORTRT o3y €

Proof 6.4 Assume (1) X FMrMoRTR™ ¢ 50 ¢ (2) isC (M), (3) 0s¢(Mo),
(4) EeC, (5)6FFE:%; and (6) (E,c) — C.

(1) gives (7) 2/1 FMI1MO1R+,R7 c = 2/2,5/’ (8) é'/ <: g, (9) Y1 <:77+(M1(11)773+721)
¥, and (10) 35 <tpr (o (1), R+,55) S2-

(2) and (4) gives (13)E € vT (M (L)) which together with soundness of the
extraction function for may-aliases gives (14)E € ”y;} (™ (My(h),R*,%4)) for

some &5 From this Lemma 6.3 (11)8} = E : X for some &}. Now the induction
hypothesis is applicable, which gives (12) 6o = C : £, & for some 63. We proceed
with an analysis of (12).

abnormal termination This case gives do = Ey : 3. for some X3, where
C = Lg,, which immediately gives d2 - L g, : X5, Ly,

termination This case gives 02 F Fy : Xy, where C' = Ea. From 0s$(Mo), we
get that By € v+ (Mo(k)), and, thus, from the soundness of the extraction
function that Ey € 7;; (nt (Mo (k),RT,%%)) for some & . Similar to

above Lemma 6.3 gives 045 & FEy : Xo, for some 05 which gives us that
04 b Ey: X9, & from which the result is immediate.

non-termination This case gives X3 FMr Mo RTRT (of o XY for some X3, and
0o B E : X3. In the same way as above we establish that 65 - Fa : 3o for
some 64. It now remains to show that ¥’ FMrMo, RTR™ of = 3o, which
is immediate from the structural weakening rule.

Example Use We end this section with a small example of the use of struc-
tural weakening for achieving a limited form of flow-sensitive types on the heap.
Assuming A(A) = {f : nat} consider the following program, which is not ty-
pable in the standard type system since int is not a subtype of nat.

A x = new A; Ay := x; x.f := 0; x.f := -1;
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However, even a simplistic alias analysis is able to determine that  and y are
may-aliased, and unaliased with all other locations. This means that before
x.f := —1 the type of x and y can be weakened to B, given that A(B) = {f :
int}, which allows us to perform the update. Since all aliases have their types
changed uniformly, the pitfall of introducing the possibility of casting values is
avoided.

7 Strong Updates

This section shows how may-alias information and must-alias information can
be combined to allow for heap updates that do not follow the subtype hierarchy
— similar to the updates of variables where the variable type environment is up-
dated with the type of the value written into the variable. This differs from the
structural weakening of the previous section, where the structure of the environ-
ments was used to express which types soundly described the environments, and
the update was supported by finding a type in which the update was supported.
For strong updates the actual update is more central; the old environment is
typically not well-formed in the new environment type, and vice versa. Consider
the following tiny program, which is typable in pre-type ¥; = {x : 7} for any
type 7, and post-type 3o = {z : bool} using the flow sensitive type rule for
variables.

x := 0; x := true;

Clearly, after assigning a boolean to x the environment is not typable in the
post-type of x := 0, in which the type of x is nat.

The soundness of the flow-sensitive type rule for variables comes from the
fact that no variables are aliased. In the same way, if a structural (may-) pointer
is uniquely associated with a symbolic location we know that that symbolic lo-
cation is alias free and can safely be strongly updated. However, demanding
that a location is completely unaliased to support strong updates is unnecessar-
ily restrictive. For instance, if we know that all aliases to the symbolic location
are must-aliases, we know that a strong update is safe, given that we change
the type of all must-aliases accordingly. Thus, it would be natural to expect
the following program to be typable in the empty pre-type { } and post-type
{z : B,y : B}, where A(A) = {f : 7} for some 7, and A(B) = {f : bool}.

A x := new A; Ay := x; x.f := true;

The previous section showed how may-alias information can be used to support
weakening, and how weakening can be used to support a limited form of flow sen-
sitive types. This was achieved by the use of a structural width well-formedness
relation that guaranteed concrete width well-formedness. To fit with the re-
sults of the previous section, and with the correctness proof of the standard
type system we will use preservation of width well-formedness as the base for
the correctness argument of this section. This restricts the result to updates of
must-aliased location that are not reachable via may-aliases. This restriction is
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justified by the fact that the presence of may-aliases would constrain the update
to follow the sub-type hierarchy, which together with the demand of concrete
width well-formedness would result in the same expressive power as structural
weakening.

Combined May- and Must-alias Information The approach we consider
is based on a sound merge of may- and must-alias information that guarantees
that the must-aliased heap locations are not reachable via may-aliases. In short,
this is achieved by annotating the pointers in the structural environment as
either may-alias pointers or must-alias pointers and making sure that must and
may aliases never concretize to the same concrete pointer.

As before we introduce the syntax, the semantics in form of a concretization
function and decorating structural well-formedness; for brevity we only present
the changes to what has previously been presented. First, the syntax for struc-
tural values is extended to contain both structural may-alias pointers p™ and
structural must-alias pointers p—.

Vu=p |ph e

The separation between must and may aliases is achieved by demanding shared
pointer valuations with pairwise disjoint codomains with the additional demand
that the pointer valuations map all must-alias pointers to singleton sets, and to
limit the concretization of e to non-pointer values. The demand that the pointer
valuations are pairwise disjoint also for must-aliased pointers is not a restriction
since two must-aliased pointers that concretize to the same concrete pointer is
by definition may-aliased and may-aliases have priority over must-aliases in the
merged alias information.

Definition 7.1 (May- and Must-alias sound pointer valuations) Let p
range over structural may-alias pointers and structural must-alias pointers.

pu=p"|p

A pointer valuation & is may- and must-alias sound if it has pairwise disjoint
codomain that does not contain the null-pointer and maps all structural must-
alias pointers to singleton sets.

VD1, P2 € dom(§) . p1 # P2 = £(p1) NE(P2) = DAVD™ € dom(§) . [£(p7)[ =1
Let £ range over may- and must-alias sound pointer valuations.

The meaning of the combined may- and must-alias information is formulated in
terms of a concretization function ~*.

V(@) =V 0N = ENu{nil}l @) =€0)

Similarly to before we form a decorated version of the structural values, stores
and heaps by annotating e with a type. The concretization is changed accord-
ingly to 7. (e-) = [r], where [int] is the set of integers, [nat] the set of natural
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numbers, and [bool] the set of booleans. The set of concrete environments as-
sociated with one particular combined structural environment is the union over
all may- and must-alias sound pointer valuations.

v(E) =i (B)}
=

The decorating structural well-formedness for the combined may- and must-
alias information is immediate both for the undecorated syntax and the deco-
rated syntax, using the rule for structural may pointers of Figure 5 for structural
may pointers, and the rules for the undecorated e, and the decorated e, from
Section 6 above.

QFe:7 e, 7€ {nat,int, bool}

T <! T2
Qe :Ta e,
Qp)=A41 A < Ay Q) <A A< Q@(ph)
QFp Ao p QFpt: A~ pt

71, T2 € {nat, int, bool }

The structural well-formedness of the extended structural language have the
same properties as the structural well-formedness for may-aliases of the previous
section.

Lemma 7.1 (Stability of Type Decoration)

Qo FE: S~ E;N6FE:SAE e~ (E) = E € v*(Eq)

~

Proof 7.1 First, E € v*(E) implies the existence of £ such that E € Ve (E).
Now, Lemma B.2 gives us that E € 'Ygg E(E\) The result is immediate from
Lemma B.7, and Lemma B.9. ,

Lemma 7.2 (Preservation of Well-formedness under Concretization)
QFE:SANEeqi(E)= dqe FE: T

Proof 7.2 Given that E = (s,h) we must show that dq ¢+ - s : X, and that
dq,ex F h. The result is immediate from Lemma C.3, and Lemma C.5 below.

Merging May and Must Alias Information A structural may-alias envi-
ronment, and a structural must-alias environment are mergeable with respect to
a merge function f if the concretization of the merged result is conservative. Let
ET range over structural may-alias environments, and £~ range over structural
must-alias environments.

YHEYY Ny (E7) S (f(EY,E7))
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An abstract environment E is mergeable with respect to a merge function f, a
may plugin R, a must plugin R, and an environment type X, if the extracted
may- and must-alias environments are mergeable. We define the function merge
as merge(E, RT,R™,%) = f(n™(E,R",X),n (E, R, X)) given that E is merge-
able with respect to f, RT, R, and ¥, and undefined otherwise. It is always
possible to find merge functions, e.g., simply using the may-alias information
is sound, possibly with the additional optimization that unique may-aliases are
replaced by must-aliases as discussed above. For generality, in the following we
parameterize over the merge function.

Strong Updates Using the combined may- and must-alias information we can
create a flow-sensitive field update rule from the flow-insensitive counterpart.
First, consider the type rule for field updates from Section 4 above.

Y(1)=4 3(xe)=7 7T<A(A).f
YFao.f =2 =%, 1y

Using the ideas outlined above, we can extract the merged alias-information;
if the merge succeeds we know that the result is an accurate representation
of the concrete environments reaching the command. Further, we know by
construction that must-alias pointers form semi-isolated subgraphs in the heap
in the sense that no may alias pointer points into the subgraphs, but may very
well point out from it, as illustrated below, where + indicates may-aliases and
— must-aliases. For the may-alias pointer p+, represented by the dashed line
in the figure, to point to the same position as the must-alias pointer p—, they
must be equal, i.e., p™ = p—, which is clearly not possible.

The basic idea is to perform the update in the type decorated structural
representation of the environment and making sure that the new structural
environment is well-formed with respect to the exit type. Let upd;(p—,v, E) =
(51, ho) given that E = (31, hy), 71 = hy(p), 72 = A1[f +— 0], and hy = hy[p~ —
Ta], i.e., the result of updating the field f with v in the record pointed to by p~
in E, defined identically for concrete environments. The rule for strong updates
is defined as follows.

0 F merge(M;(1), R, R™,%1) : 81 ~ (3\1,?&1)
s51(z1) =D~ S51(x2) =70

~

QQ F updf(ﬁiai)\a (§1; hl)) : 22

21 "MI’MO’R+’R7 (J,'lf = ,Tg)l = 22, J_El
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The soundness of this rule relies on one important property for updates over
must-aliases that expresses the soundness of the structural update.

Lemma 7.3 (Stability of Must-update under Concretization)

{upds(p, v, E) | E € & (E),p € v (57),v € 7% (0)} = 7&- (updy (5,3, E))

Proof 7.3 Since the store is unaffected by the update is suffices to show that
the property holds for heaps, which is shown in the following lemma.

Lemma 7.4 (Stability of Must-update under Heap Concretization)

{hlp = 1] | he v (h),p € 7e-(p),r €V ()} = 7 (hlp~ 7))

Proof 7.4 The proof relies on the facts that £ has a pairwise disjoint codomain
and g (p~) is a singleton set not containing the null-pointer, since p~ is a
must-alias. Let {p} be this set. Intuitively, the reasoning is as follows. On
the left hand side we have that in_all heaps in the concretization of /f;, p points
to one of the concretizations of h(p~). Similarly, on the right hand side we
have that in all heaps in the concretization of ?L[[/)L — 7], p points to one of
the concretizations of 7. Now, if we take the concretization of h and update p
to point to a record in the concretization of T then we get the same set as the
concretization of h[p +— T].

If p~ was concretized to more than one concrete pointer, we would on the
left hand side add heaps where only one of the concrete pointers is updated to
point to records in the concretization of 7', the other would still point to records
in the concretization of h(p~).

If £ did not have a pairwise disjoint codomain, p might be in the concretiza-
tion of more structural pointers than p. This would require v to not only be in
the concretization of T but also in the concretization of each structural record
pointed to by the additional structural pointers, something that in general would
not be the case.

To see why the proof does not hold for may-aliases, it helps to illustrate why
it holds for must-aliases. In fact, we can easily justify that {upd;(p,v, E) | E €

Ve (E),p € Y& (PF),v € ()} 2 i (updy(pF, 0, E)), ie., that the struc-
tural update is no longer guaranteed to be a sound approximation of the up-
date. This comes from the fact that ;. (upds(p*,v, F)) only generates heaps

where the records pointed to by all pointers p € 7. (p*) are updated whereas

~

{upds(p,v, E) | E € v (E),p € v (p1),v € 7{.(0)} only updates the record
pointir to by p. Consider the following example, where 5 = {z — p],y — p; },
with B = {5f = {f = enar}}.
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As described, the possible heaps concretized from (?,ﬁ) (ignoring null-pointers)
can be illustrated as follows.

(YAT=m) o Y
y Yyl — f=ns3

Updating the rightmost heap by a«.f := true, i.e., s; — { — p1,y — p2}, and
hi = {p1 — {f — na},p — {f — ns}} results in a new heap hy — {p; —
{f — true}l,p — {f — n3}}, illustrated below, i.e., where the record pointed
to by y remains unchanged, since x and y were not aliased in this particular

environment.
e

Yyl — f=n3

However, upd;(pt,7, E) = (5, iALg), where hy {p1 — {f — ®po0r}, will only
produce environments of the following form.

This problem does not occur with must-aliases, since must-aliased locations are
guaranteed to alias, ie., § = {z — p;,y — Dy }, with h = {p7 — {f —
®,.qt}} will only concretize to environments of the following structure, which are
correctly modeled by the structural update.

:

Y

With this, we prove the soundness of the strong update rule by proving its
case in a preservation of types proof in the same way as in Section 6 above.
Again, since the rule preserves width well-formedness under the assumption
that the weakened command also preserves width well-formedness it can safely
be added to the type system in Figure 3.

Lemma 7.5 (Preservation of Types of Strong Updates)

1 M Mo, r1.f =20 = o, EN
isS(M;) A 0sS(Mp) =
VEe€C.0htE: SN (Ex.fi=x9) > C =
Fdo. o HC 35, &
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Proof 7.5 Assume an E € C, such that (1) 61 = E : 31, and (2) (E,z1.f :=
x2) — C. We must show that 6o = C : 3o, & for some ds.

(2) gives two possible cases: 1) the execution fails due to x1 containing a
null-pointer, and 2) the execution succeeds and C = upds(p,v,E) = (s, hp —
r[f — vl]] for E = (s,h). The first case is a simple exception propagation, and
we focus on the second case in the following.

First, the soundness of the merge function gives us that together with (1)
and Lemma 7.1 gives that E € ;. (§1,711) for some pointer valuation £, which
also gives that p € v (p~), and v € V. (V), since p~ = 3(x1), and U = 5(z2).

We have that updg(p, v, E) € v¢. (updy(p~, 7, (§1,/f\zl))) from Lemma 7.3, and
the result is immediate from Lemma 7.2.

Example Use We end this section with a variation of the example of the
previous section. Assuming A(A) = {f : nat} we saw how the following program
was typable using structural weakening, by weakening the type of x and y to
B, where A(B) = {f : int}.

A x = new A; Ay = x; x.f := 0; x.f := -1;

As discussed, structural weakening is limited to type changes that are supported
by the subtype hierarchy. Thus, the following minor modification to the program
makes the program untypable using structural weakening.

A x = new A; Ay := x; x.f := 0; x.f := true;

As in the case above, even a simplistic alias analysis is able to determine that
x and y are not only may-aliases but also must-aliases, and unaliased with
all other locations. This means that the type rule for strong updates can be
used to type x.f := true which results in z and y getting the type B, where
A(B) = {f : bool}. The strong update is safe, since we know that x and y
contain the same pointer in all program runs, and that this pointer is different
from all other pointers.

8 Related Work

Using alias information to improve the precision of other analysis is widespread,
e.g., [ABB06, CG93, CCLT96, LH98, PC04, FTA01, DF01, SWM99, WMO1].
Common to most of these analyses is that they compute the needed alias in-
formation; our approach allows for the alias analysis to be parameterized, al-
lowing different alias analyses to be plugged in with relative ease. Of the above
mentioned work only the work on extending single static assignment (SSA) to
non-scalar variables [CCLT96, CG93, LH98] uses parameterized information. It
would be interesting to investigate to which extent the plugins framework could
benefit the rest of the analyses.

Most closely related is the work by Smith, Walker and Morrisett [SWM99).
Therein they develop a pseudo-linear type system for alias types allowing for
limited flow-sensitive types of aliased locations, and safe deallocation. With
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respect to the type change, our work is a generalization of theirs; their flow-
sensitivity is limited to linear types, and a very specific extension using dynamic
type checking.

Also related is the work by Foster, Terauchi and Aiken [FTAO01] on infer-
ring flow-sensitive type qualifiers. Even though they limit their work to type
qualifiers nothing seems to prohibit their method to be applied to the full types
instead of only the qualifiers. Again our work generalizes their work with re-
spect to the use of alias information for flow-sensitivity, since they restrict the
flow-sensitivity to linear types; it would be interesting to see to which extent
our ideas could be used to generalized their approach.

In [ABBO6] Amtoft, Bandhakavi and Banerjee develop a hoare-style logic
for reasoning about noninterference. In particular, the logic contains region
assertions — a simple form of alias analysis — used to increase the precision of
the analysis.

In [HS06] Hunt and Sands study a flow-sensitive type system for information
flow security; their work shows us that there exists a most general lattice for
each program — the powerset lattice of the variables — and that, for a simple
imperative language with variables, one can form a type based transformation
from the flow-sensitive type system to a flow-insensitive one. This suggests
that flow-sensitivity might not be necessary for information flow security. The
transformation does, however, rely on the ability of easily cloning the contents of
variables, and statically allocating more variables to hold the values of different
types. This is not always possible, or practical. For instance, in many JVM
implementations the number of simultaneously live variable is limited.

With respect to the computation of alias information, see the work on shape
analysis by Sagiv, Reps and Wilhelm [SRW96], or Walker and Morrisett [WMO01]
on recursive alias types. For a more recent result on shape analysis see the
work by Yang et al. [YLBT08]. This work focuses on combining precision
and scalability for use in the verification of device drivers and contains many
interesting references to real world application of pointer analyses. For a more
standard exposition of alias analysis see, e.g., [Deu94].

9 Conclusion

We have presented a way to allow for flow-sensitive types on the heap based on
our plugin framework. In particular we have shown how may-alias information
can be used to support structural weakening, where information about may-
aliases is used to allow for a safe use of depth-subtyping in the subtyping rule,
which made it possible to change the types of heap locations while retaining a
uniform type view of all may-aliases, thus guaranteeing conformance with the
concrete width well-formedness. Structural weakening only supports changing
heap location type to more general types.

We have also shown how the combination of may- and must-alias information
can be used to support strong updates, i.e., updates that do not have to follow
the subtyping hierarchy. This was done by using a combined representation of
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may-alias and must-alias information that guaranteed that no location was both
must-and may-aliased with any other location.

In addition to this we have shown how may- and must-alias information can
be extracted using our plugin framework. The use of the plugin framework
has very much contributed to the generality of this work by forcing us to think
abstractly about may- and must-aliases, and by allowing us a flexibility of ex-
ploring many different type rules with relative ease coming from the fact that
the rules are free from the computation of alias information, only containing its
usage.
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A Cyclic Path Property

The path property path(sl ... sk), expressing that the symbolic location sk can
be reached from the symbolic location sl; by a number of field references, is
defined as follows where fs(sl) returns the set of pointer fields of the symbolic
location sl.

path(sl)
path(sly ... sl,)

true
path(sly ... sl,—1) A
af € fs(slp—1). slp—1.f = sl,

The cyclic property cyclic(sh ... sl,,R), expressing that there exists two
unique locations sl; and sl; in sl; ... sl, such that they are related by the plugin
R, is defined in the following way.

cyclic(sh ...sl,,R) = Fi,jel...nl.i#75 A (sh,slj) €R

Finally, we define the cyclic path property cyclicp(R), expressing that the
plugin R has an upper limit n on the length of acyclic paths.

cyclicp(R) = 3n. Vsl ...sl,. path(sh ...sl,) = cyclic(sh ... sl,, R)

B Stability of Type Decoration

This section contains the proofs of stability of type decoration of the structural
may-aliases of Section 6, and the combined structural may- and must-aliases of
Section 7 — the former language is a sublanguage of the latter. In this section
all pointer valuations are may- and must-alias sound, why the % superscript is
dropped from &* throughout.

Definition B.1 (2 order) We define an order < on abstract pointer typings
as follows.
]/D\E dom(Qg) 92 (]/9\) <: QQ(I/?\)
0 <
The intuition behind the order is that bigger abstract pointer typings place less
demands on structural environment.

Lemma B.1 (Maximal Q) For a given structural environment E, there exists
a unique mazimal (up to type constrained isomorphism) Qmaz, such that

QFE:Y = Q< Qnaw A Vnaw - E: 5

Proof B.1 The intuition is that increasing abstract pointer typings place less
demands on the structural environment, and that the maximal abstract-pointer
typing for a given well-formed structural environment is given by X.

First, it is clear that for a given § there exists a mazximal abstract-pointer
typing Qmas obtainable by repeatedly choosing bigger pointer typings until no
bigger exists in which E is still ¥ well-formed.
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Now, assume that there exists two different maximal pointer typings Qmaz,
Qunaz,- 1t is clear that neither Qmaz, < Qmazss M7 Qmazs < Qmaz,, Since in
such case one of them would not be mazimal. Thus, there exists at least one
abstract pointer p occurring at a symbolic location 1, such that Qpa., (D) <: X(1),
and Qmaz, () <: 2(1), but with Qmae, (P) and Qmaz, (D) incomparable. Because
of the use of width-subtyping we know that all shared fields of Qmaz, (D), and
Qmaz, (P) must be equal.

This gives us that Qumaz, (D) has a field not in Qpaz, (P) and vise versa. How-
ever, the incompatible fields are not forced by X(1), given by Qmaz, (P) <: (1),
and Qmaz, (D) <: (1), which means Qmaz, (D) and Qpaq, (D) are not mazimal
— they can both be replaced by Qmaz, (D) N Qmaz, (P) <: B(1).

The maximal abstract pointer typing Qmaz 1S easily obtained by a fixed-point
wteration.

Pointers not being live require special care when establishing stability of type

2N

decoration. To illustrate this, consider the case where 5(z) = p, h(p) = {f — o},
§(p) = {p1,p2}, X(z) = A and A(A) = {f : int}.

All heaps in the concretization of h will have both p; and py in its domain.
In all heaps that are well-formed with respect to X, the well-formedness relation
will require that the pointer that x contains will point to a record containing a
value that is well-formed with respect to the type int. The other pointer will,
however, not have any requirements placed on it since it will not be live.

__ However, in the concretization of the type decorated version of the heap,
h(p) = {f — @;n:}, both p; and py will be required to point to records containing
values that are well-formed with respect to the type int.

This means that type decoration does not preserve concretizations for all
pointer valuations. In order to work around this, we restrict ourselves to only
consider the live pointers. This is reasonable to do, since a pointer that is
not live is semantically safe to ignore. More, specifically, noting that the well-
formedness relation only places requirements on pointers that are typed by X,
we limit ourselves to only consider pointers that are live and that are given a
type by 3. We do this by defining X-reachability.

Definition B.2 (X-reachability) We say that p is X-reachable in E, written
p € Ex, if there exists a § such that 6 F E : X and there exists a symbolic
location 1 such that 3(1) is defined and E(l) = p.

When establishing stability of type decoration this is done with respect to a
pointer valuation ¢ whose codomain only consists of ¥-reachable pointers. We
call such a & minimal and define it in the following way.

~

Definition B.3 (Minimal &) For each environment E € v¢(E) such that 6
E : X, we define the minimal pointer valuation g s to be the sub-valuation of
& that only contains the pointers ¥-reachable in E.

Vp € dom(€),p € Epx(p). p € £(P) Ap € Ex
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Lemma B.2 ({g » preserves E)

QFE:SAE€v(E)ASFE:Y = E €7, ,(E)

Proof B.2 By construction - {g x contains all pointers that are live, and typed
in E, but no else. Thus, it removes all demands on things that are not live or
typed, while allowing for the same concretization of all live and typed locations.

Lemma B.3 (X-reachable locations are well-formed)
SFE:EANE(l)=vAS(l)=7=4dFv:T
Proof B.3 By straightforward induction on the symbolic location.
Lemma B.4 (¥-reachable pointers are well-formed)
SFE:YSApEY,, = 3A . 0(p)=A

Proof B.4 The result is immediate, since {g s forms a subset of the X-reachable
pointers.

By definition if p € e, , there exists a symbolic location | such that E(l) = p
and X(1) = 7. From Lemma B.3 we have that § & p : T, which gives us T = Aq,
and 6(p) = Ag <: A;.

Lemma B.5

QnazF E:SASFE:SAE €y 5 (E) =
p € g (D) AD € dom(Qumaz)N = 0(p) <: Vnaz (D)

Proof B.5 First we state some properties needed.

1. Qo FE: T gives us that all symbolic locations | such that 3(1) is defined
we either that E(l) = pT, E(1) =9, or that E(I) = e.

2. Let Ly+ be the set of symbolic locations such that for | € Lyv, X(1) is
defined and E(l) = p. Since E € ”yg(ﬁ) we have for each p € £(pT) that
the set Ly such that | € Ly, (1) is defined and E(l) = p is a subset of
Lp+.

3. Let Lz be the set of symbolic locations such that for | € Lz-, X(1) is
defined and E(l) =p. Since £ € Wg(E) we have for the unique p € £(p™)
that the set L, such that 1l € L,, (1) is defined and E(I) = p is a equal
to the set Ly-.

4. From, Qmaz F E Y we have that for alll € Lg+ it holds that Qpma.(p) <:
Y1) and (1) <: Qunaz(P), i.e., all may-aliased locations have exactly the

same type view (up to renaming). Together with E € ~¢(E) this gives us
that all occurrences of concrete pointers p € £(p) have the same type view.
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5. From, Qmasz E : Y we have that for alll € Lg— it holds that Qpma.(p) <:
X(1), i.e., all must-aliased locations have compatible type views Together

with E € ~¢(E) this gives us that all occurrences of concrete pointers
p € £(p) have compatible type views.

First, using 6 F E : ¥ and p € £ x(p), Lemma B.4 gives us 6(p) = A for
some A, i.e., §(p) is defined. The proof has two cases.

May-alias case Assumep € £(D7), and o™ € dom(Qumaz); from above we have
that all | € Lz+ 2 L, have exactly the same type view. Thus, §(p) <:

E(Z) = Qmam(ﬁ)'

Must-alias case Assume p € £(p~), and p~ € dom(Qmaz); from above we
have that I € Ly+ = Ly. Furthermore, since Qpqz is mazimal we know

that Qmaz(P~) = [er_, X(1). Thus, since for alll € L, it holds 6(p) <:
(1) we have that §(p) <: Qunaz (D7) <: Z(1).

Lemma B.6 (Stability of Value Type Decoration)
Qnaz FU I A VGASF VT ATy <t T AV € 7 (V) = v € Ye(Vq)

Proof B.6 Assume (1) Quaz =0 : 71 N0y, (2) 6 F v 1, (3) 0 <: 71 and

(4) v € 7(v).
The proof continues by a case analysis of (1).

case Qo 0711 o We must show that v € v¢(Vq) = [m1] for the cases
where T is one of int, nat or bool. This follows directly from (2) and (3).

case oz ED: A~ D Since the decoration does not affect the concretization
of pointers the result follows directly from (4).

Lemma B.7 (Stability of Store Type Decoration)
Qnaz FS: 2 ASgAIE s BAs€7(5) = s € y¢(5q)

Proof B.7 Assume (1) Quaz FS: X~ Sq, (2) 0F s: X, and (3) s € (3).

We must show that Y € dom(5g). s(x) € ve(S4(x)). We have that (4) Yz €
dom(3s). s(x) € v¢(5(x)) from (3), and (2) gives us that (5) Yo € dom(X). § F
s(z) : B(xz). Now, (1) gives us that (6) V(z,7) € L. Qs - S(x) : 7 ~ 54(z),
(7) dom(3) = dom(54), and (8) Vx € dom(3) \ dom(X). sq(x) = 5(x).

Thus, assuming x € dom(Sy), we either have x € dom(s) \ dom(X) in which
case we are done by (8) or x € dom(X) and x € dom(3) by (7). Now, (6) gives
Qnaz F8(2) 1 2(x) ~54(z), () gives § F s(x) : X(x), (4) gives s(z) € ve(5(x)),

and we reach the conclusion via Lemma B.6.

Lemma B.8 (Stability of Record Type Decoration)

Qaz FTF w1 A TgAIF T i wa Aws <twi AT € 7e(T) =1 € 7¢(Tq)
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Proof B.8 Assume (1) Quaz 7 : w1 Ty, (2) 61w, (3) wa <: wi, and
(4) r € (7).

To show r € v¢(Tq) we need to show that Vf € dom(7q). r.f € ve(Ta.f).

(1) gives (5) Y(f,7) € wi. Qaz ET.f : 7~ Ta.f, (6) dom(7) = dom(Tq),
and (7) Vf € dom(7) \ dom(w). ra(f) = 7(f). (2) gives (8) V(f,T) € wa. 6 F
r.fo7. (3) gives (9) V(f,T) € wi. wa.f =7T.

Assume f € dom(7q). (6) gives that we have either f € dom(7)\dom(w1) and
we are done by (7), or f €7, and f € wy such that Qpax E7.f. i w1.f A Ta.f.
Now, (9) gives us that wa.f = wi.f, and (8) gives § b r.f : wa.f. With this
Lemma B.6 allows us to conclude.

Lemma B.9 Stability of Heap Type Decoration
Quaz F (,1) : S~ Ba ha) ASE (s,h) A € vy (R) = h € 7ep 5 (ha)

Proof B.9 Assume (1) Quaz F h ~ ha, (2) 8 F h, and (3) h € 7e,y(h). (1)
gives (4) Y(D, A) € Qmaz. Qmaz F (D) : A(A) A ha(D), (5) dom(h) = dom(ha),
and (6) Vp € dom(h) \ dom(Q)maz- ha(p) = h(p). (2) gives ¥(p, A) € 6.5
h(p) : A(A), and (3) gives Vp € dom(h),p € {g,5(P). h(p) € Yep 5 (M(D)).

We must show that Vp € dom(hq),p € Eex(D). h(p) € Yeps (ha(P)). Assume
pe dom(ﬁd) and p € Ep (D). (B) gives either p € dom(ﬁ) \ dom(Qmaq) and we
are done by (6) or (p, A1) € Qmas and thus that Qpaq F E(ﬁ) A(A) Tzd(ﬁ)
by (4). From Lemma B.5 we have that 6(p) <: A1, which implies that 0 is
defined for p, i.e., 6(p) = Ag for some As. Now, (2) gives us 6 - h(p) : A(As2),
and we are done by Lemma B.S.

Lemma B.10 (Stability of Type Decoration)

QmamF:E:Em@d/\5F:E:EAEE'y(E)ﬁEG’y(Ed)

~ ~

Proof B.10 First, E € ~(E) implies the existence of & such that E € ~¢(E).

~

Now, Lemma B.2 gives us that E € ~¢, o (E). The result is immediate from
Lemma B.7, and Lemma B.9.

Lemma B.11 Type Decoration Preserves Well-formedness
QFE Y Ey = QF Ey: %
Proof B.11 The result is immediate from inspecting the rules and noting that

the only decoration takes place in the well-formedness rule for e and that the
decoration is the type demanded by well-formedness, i.e., Q- o :int : e;;.
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C Preservation of Well-formedness under Con-
cretization

This section contains the proofs that well-formedness is preserved by concretiza-
tion of the structural may-aliases of Section 6, and the combined structural may-
and must-aliases of Section 7. In this section all pointer valuations are may-
and must-alias sound, why the * superscript is dropped from £* throughout.

Lemma C.1 Preservation of Well-formedness under Concretization
QFEZE/\EGV&(E)é(SQ{FEZE

Proof C.1 Given that E = (s,h) we must show that do¢ F s : X, and that
da,e F h. The result is immediate from Lemma C.3, and Lemma C.5 below.

Lemma C.2 Preservation of Well-formedness under Value Concretization
QF%\:T/\’UG")/E(a)ﬁ(SQ_’EFvZT
Proof C.2 We proceed by a case analysis on .

case U = e, We have that v € [n1] from v € (), and that 71 <: T from
QF7v:7, and the result is immediate.

case 0 =Dt We have that v = p € £(pT) from v € v¢(p"), and that Q(p*T) =
7 = A for some A. By definition dq ¢(p) = Q(p1) given p € v¢(p1), and
the result is immediate.

case U =D We have that v =p € {(p~) from v € y¢(p~), and that QUp~) <:
T = A for some A. By definition dq¢(p) = Qp~) given p € ye(p~), and
the result is immediate.

Lemma C.3 (Preservation of Well-formedness under Store Concretization)

DFES:XAs € (s) = daeFws: X

Proof C.3 We must show that (x,7) € £. 0 - s(z) : 7. Assume (z,7) € X.
We have that Q'+ §(z) : 7 from QF 5 : 3, and s(x) € v¢(5(x)) from s € v¢(5).
The result is immediate from Lemma C.2.

Lemma C.4 (Preservation of Well-formedness under Record Concretization)

QFTwAr €y e(f) =dacFr:w

Proof C.4 We must show that (f,7) € w. dae b r.f: 7. Assume (f,7) € w.
We have that Q=7.f : 7 from QF 7w, and r.f € v¢(F.f) from r € v¢(7). The
result is immediate from Lemma C.2.
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Lemma C.5 (Preservation of Well-formedness under Heap Concretization)

QFhAhere(h) = Saet h

Proof C.5 We must show that (p,A) € dae. dae F h(p) : A(A). Assume
(p, A) € dq,e. By definition of dq.¢ we have that there exists an abstract struc-
tural pointer (must or may) p such that p € (), and Q(p) = A. We have
that  + ?L(Z/)\) : A(A) from Q F T, and from the fact that & has pairwise dis-

~

joint codomain we have that D is unique, which together h € ~e(h), gives us

o~

h(p) € ve(h(p)) and the result is immediate from Lemma C.4.



