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Abstract

Viper is an automatic verifier based on separation logic. Separation logic
is an extension to Hoare logic, useful to reason about heap manipulating
programs. In separation logic, there is an important connective, called
the magic wand. The magic wand is useful, for example, to specify
loop invariants of partial data structures. Due to its usefulness, the
magic wand is supported in Viper. The key challenge of automating
magic wands is to split a given state into two states such that in one
state, called the footprint, the magic wand holds. This process is called
packaging the wand. The current algorithm to package a wand in
Viper sometimes computes a wrong footprint, which leads to unsound
reasoning. In this thesis, we provide a sound package algorithm for a
symbolic execution based backend of Viper. For the new and sound
algorithm, we define and use the notion of "fixedness of heap locations"
to extend the current algorithm. We reason about the soundness of the
algorithm, and we give symbolic execution rules for the algorithm.
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Chapter 1

Introduction

The world we currently live in is unimaginable without computer programs.
Because of this, bugs in these computer programs can lead to massive catastro-
phes, which sometimes even end in people losing their lives, as the example
of the Patriot missile systems shows [6]. To detect these bugs testing is often
employed technique. Testing can ensure the absence of bugs for certain sce-
narios. However, in safety-critical areas, we want to prove the absence of bugs
for "all" scenarios. In these cases, formal verification can be used. Formal
verification is a way to prove that a program will not crash and will behave
as expected. A widely used logic to reason about these properties is Hoare
logic [3]. However, due to aliasing, it is hard to reason about concurrent
or heap manipulation programs using Hoare logic. Separation logic [7] (SL
hereafter) is an extension of Hoare logic to make reasoning about concurrent
or heap manipulation programs easier. In SL, one important connectives the
separating conjunction, *.

In SL, a program state is typically described by a heap, which is a partial
map from locations to values. All locations in the domain of the heap are
exclusively owned by its program state.

Intuitively, the SL assertion A * B expresses that A and B hold in two disjoint
portions of the program heap. More formally, A * B holds in a state ¢ if and
only if there are two states 04 and o with ¢ = 04 Wop and A holds in o4
and B holds in og. Here, W denotes the combination of two compatible states.
Two states are compatible, denoted by _L if the domains of their heaps are
disjoint. The heap of the combination of two compatible states is just the
combination of the heaps of both states.

In SL, another important connective is the separating implication, —. The
separating implication is usually called the magic wand. Intuitively, the
magic wand is similar to the implication but for SL. If A % (A — B) holds in
a state, then so does B. The formal definition of the magic wand is,

Tfoot = A = B & Yo, Logeer - (04 = A = 0, W g0t = B)
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This means if a magic wand A — B holds in a state 0y, then we can
combine 0o with any state 0, which is compatible with oy, and which
satisfies A to get a state in which B holds. The magic wand is very useful, for
example, to express invariants while traversing partial data structures such
as lists or trees. This is the case, because A — B intuitively refers to the data
structure B "minus" the data structure A. An example of this is shown in
Chapter 2.

As verification should ideally be used in conjunction with the development
of a program, and with little effort from the programmer, there are many
programs that automate the verification process. One such automatic verifier
is Viper [5]. As the magic wand is such an important and useful connective
it is also automated in Viper [8]. Unfortunately, the current algorithm in
Viper is unsound [2]. But there is a proposal for a framework to characterize
possible sound algorithms [2].

Viper [5] has two backends Carbon, which is based on verification condition
generation, and Silicon [9], which is based on symbolic execution [4]. The
previously introduced framework has been used to implement a sound way
to automate magic wands in Carbon [2]. This thesis will present a sound way
to automate magic wands in Silicon.

The structure of the thesis is the following;:

- We first discuss the relevant background (Chapter 2).

- In Chapter 3, we give the intuition of our approach for automating
magic wands.

- We then formalize the aforementioned intuition and justify its sound-
ness (Chapter 4).

- In Chapter 5, we give symbolic execution rules for a possible imple-
mentation for the new algorithm in Silicon.

- Finally, we summarize our findings (Chapter 6)



Chapter 2

Background

This Chapter is concerned with the technical background of this thesis. We
first introduce implicit dynamic frames [10] (IDF hereafter), a variation if
SL (Section 2.1) and fractional permission [1] an extension to SL (Section
2.2). Then we introduce inhale and exhale, two important keywords in Viper
(Section 2.3). Finally, we explain the usage of magic wands in an automatic
verifier (Section 2.4) and how the automation is currently implemented
(Section 2.5).

2.1 Implicit dynamic frames

Viper is based on IDF [10] which is a variant of SL. IDF and SL are known to
be closely related [11]. The main difference between IDF and SL is that in
IDF the information on the permission held for a heap location and the value
of the heap location are separated. In SL, there is an important assertion
called the points-to assertion. The points to assertion x.f — v means that
the domain of the heap must contain the location x.f and map it to v. x.f
represent a location where x is a reference and f is a field. In IDF the same
assertion is represented by acc(x.f)&&x.f == v. The assertion acc(x.f)
means that the state has permission to the heap location x.f and the assertion
means x.f == v that the heap location x.f maps to v.

2.2 Fractional permission

Fractional permission [1] is a way to express heap location ownership at a
more fine-grained level in both IDF and SL. With fractional permissions, the
heap is not only a partial map from heap locations to values, but there is also
a fraction associated with each heap location. The fractions are between zero
and one. If a heap location is associated with a fraction of one it means the
state has permission to read and write to that heap location. Zero permission
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means neither read nor write permission and every other fraction means only
read permission. In IDF, the assertion acc(x.f,1/2) can then for example be
used to check whether the heap contains at least half permission to x.f.
When using fractional permissions two states are compatible if and only
if for all heap locations contained in the heap of both states the values in
both heaps are the same and the sum of both permissions amounts does not
exceed one.

2.3 Inhale and Exhale

In Viper, one can assert an assertion to check if an assertion holds in a state.
In addition, one can inhale or exhale an assertion.

Inhaling an assertion is basically adding the assumptions of the assertion to
the state and adding the permission amounts specified by the assertion.
Exhaling an assertion basically corresponds to checking if the assertion holds
followed by removing the permission amounts specified by the assertion.

In symbolic execution inhale and exhale are often referred to as produce and
consume.

2.4 Automateing magic wands

As discussed before the assertion, A — B holds in a state 0o iff Vo, Logoor -
(02 |F A = 0, W0s = B). The state 0y, is often called the footprint of a
wand. To automate magic wands in Viper there are two important statements
package and apply.

The package A — B statement tries to split the current state ¢ into two
compatible states 0¢or and oyess where A —¢ B holds in 0,y The verification
process then continues by removing ¢y, from ¢ such that only oyes: remains,
but in addition, we record in the heap that the state owns an instance of the
magic wand A — B. If no such two states are found the verification fails.
Intuitively, the statement trades a state satisfying the wand for the wand itself.

The apply A — B statement is used to apply the modus ponens-like rule
A x (A = B) = B. The statement is only applicable in a state holding the
wand. Applying a magic wand A — B basically corresponds to exhaling A
then removing the wand A — B from the state and finally inhaling B.

Listing 2.1 shows how magic wands are used in Viper and their useful-
ness in expressing invariants. The method main iterates once over the linked
list starting at x. The predicate List(x) specifies, in a recursive fashion, per-
mission to the whole linked list x (lines 3-6). As the pre- and postcondition
of main is List(x) (lines 9 and 10), the method guarantees memory safety,



2.4. Automateing magic wands

1 field next: Ref

2

3 predicate List(x: Ref)

4 {

5 acc(x.next)&&(x.next!=null==>List(x.next))
6 }

7

s method main(x:Ref)

9 requires List(x)

10 ensures List(x)

11 {

12 var y:Ref:=x

13 package List(x) —-* List(x)

14

15 while(y.next!=null)

16 invariant List(y) && (List(y) --* List(x))
17 {

18 y:=y.next

19 package List(y) --* List(x)
20 //{hints for package}

21 }

22

23 apply List(y) --+ List(x)

24}

Listing 2.1: The method main and its specification describe a memory-safe iteration over the
linked list X. The predicate List expresses permission of a linked list. The invariant uses a magic
wand to express permissions to the linked list X "minus" the linked list y yet to be traversed.
Viper needs some advice to package some wands, called a proof script. We omit the proof script,
but we made a comment about it (line 20).

which means the caller of main has to provide permission to the linked list x
but after the call, it gets the permission back. The hardest part of verifying
this method is finding an appropriate invariant for the loop (line 16). The
loop invariant must provide permission to the sublist starting at y, in order to
read the value y.next. This is provided by the predicate List(y). In addition,
the loop invariant must provide permission to the rest of the list as in the end
we have to combine both to gain back permission to the whole list. Here is
where the magic wand comes in handy as List(y)--*List(x) represents the
list starting at x "minus" the list starting at y. The first package statement (line
13) is used to create the wand List(y)--*List(x) to fulfill the loop invariant
at the start of the loop. The second package statement (line 19) is used to
create the wand List(y)--*List(x) to fulfill the loop invariant at the end of
the loop body. We have to package a new wand as y changes in the loop
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body. At the end (line 23) we can use the apply statement to get back all the
permissions to the linked list x, as it trades List(y)&&(List(y)--*List(x))
for List(x) in a modus ponens-like fashion.

2.5 The Footprint Inference Attempt (FIA)

An important step in automating magic wands is split a state into 0y,; and
Orest as described in Section 2.4. We call this procedure the package algorithm.
In Silicon, this is currently done by the Footprint Inference Attempt (hereafter
FIA). To package a magic wand A — B, the FIA constructs an arbitrary state
o4 in which A is satisfied by inhaling A in an empty state. Then the FIA tries
to construct a state op in which B holds, by trying to take the permissions
it needs from ¢4 and, if 04 does not contain them, from the current state.
At the end of the FIA, the footprint is already implicitly removed from the
current state.

In Figure 2.1 the process of packaging the wand acc(x.f)--+acc(x.f)&&acc(
y.f) in a state 0 where we have acc(x.f)&&acc(y.f) is illustrated. In the first
column, we have the states ¢, 04, and op at the start of the algorithm. The state
04 is created by inhaling acc(x.f) into an empty state, therefore the heap
location x.f is present in the heap. The FIA then tries to prove the assertion
acc(x.f)&kacc(y.f) in op. For the first conjunct acc(x.f) permission to x.f
can be transferred from o4 to op. The corresponding states after this transfer
are illustrated in the second column. For the second conjunct acc(y.f)
permission to y.f has to be transferred from ¢ to o3, as 04 does not contain
permission to y.f. The implicit footprint computed by the FIA is acc(y.f) as
this is what is removed from c.

The problem is now that the algorithm in some cases does not compute a
correct footprint as we will explain in the next Chapter.
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Figure 2.1: A visualization of the FIA for the magic wand acc(x.f)--+acc(x.f)&&acc(y.
f) packaged in the state 0. The grey boxes represent the heap locations x.f and y.f respectively.
If a heap location is present it means that the heap of the state contains the heap location. 04
is the state in which A holds. We traverse acc(x.f)&&acc(y.f) and try to satisfy it in op.
The footprint is everything removed from ¢ during this process, in this case, acc(y.f).



Chapter 3

Key ldea: Fixed Heap Locations and
Expressions

3.1 Problem: Unjustified assumptions of the FIA

The current package algorithm makes some assumptions on the state in
which the packaged wand will be applied. These assumptions are on the
value of some heap-dependent expressions in the state. The problem is now
that these assumptions may no longer hold when the wand is applied. To
make these more precise, let us introduce the following notation.

Notation 3.1.1. Let 0ys5ume be the state in which the package algorithm
assumes the wand will be applied in.

Notation 3.1.2. Let 0,1, be the state in which the wand is actually applied.

Notation 3.1.3. Let 0y, be footprint computed by the current algorithm.

As an example of an assumption made by the current algorithm, let us look
at how it branches over ternary operators e?a; : a,. It does so by creating one
branch where (0gssyme W O'foot) (e) is assumed to be true and one where it is as-
sumed to be false. It then computes the footprint under these assumptions for
both branches. Let us call them foot+ and foot | . Finally, the algorithm joins
foot+ and foot; to obtain the footprint (ussume & (Tfoot)(e)?footr : foot .
But this is not always a correct footprint, because between the packaging
and the application of the wand some memory locations accessed by e could
be changed in such a way that (0,,p1, W Tfot) () = (Tassume & Tro0r) (€) and
Oapply = A where A is the left-hand side of the packaged wand. The issue
comes from the unjustified assumption that the value of all expressions
branched over cannot change between packaging and application.

Let us look at a concrete example that shows the problem.
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Example 3.1.1. For the wand acc(x.f) --* acc(x.f) * (x.f ? acc(y.f) :
acc(z.f)) the currently computed footprint is (0yssume & O'foot) (x.f) ?acc(y.f) :
acc(z.f). But now consider a state o, where the heap contains full access
to x.f and the value of x.f is —(0ussume W (Tfoot)(x.f). Then we have that
Oapply = acc(x.f), as the only requirement is full access to x.f, therefore the
wand can be applied in o;,,1,- But 04,1, W 0poor = acc(x.f) x (x.f2acc(y.f) :
acc(z.f)) because if (04pp1y W Opoor) (x.f) is true then (Cussume W Tfoor) (X.f) is
false, and therefore acc(y.f) is not satisfied, and therefore Ufoot 18 MOt @ correct
footprint. If (0qpp1y © Ofoor) (x.f) is false, acc(z.f) is not satisfied for similar
reasons.

This example shows that some assumptions are unjustified and lead to in-
correct footprints. Some assumptions, however, are justified. Let us explore
deeper the discrepancy between 0gssume and 0y, Recall that oy, must
satisfy A (otherwise the wand cannot be applied in oy, ). Therefore, there
are two factors that, combined, may make the assumption, that an expression
e cannot change its value between packaging and application of the wand,
justified:

Footprint Factor We do not have enough permissions to change the value of
e. This is the case when the footprint contains some permission to all heap
locations in e. Because these permissions have been hidden in the magic
wand, and thus it is impossible to get full permission to these heap locations
without applying the wand.

For example, after packaging the wand true — acc(x.f), the value of x.f
cannot change because all permission to x.f are in the footprint

Left-Hand Side Factor The wand cannot be applied if we change the value
e. This is the case when the left-hand side of the wand requires that e has a
certain value.

For example, in order to apply the wand acc(x.f) * x.f — acc(x.f), x.f has to
be true, and therefore we cannot change the value of x.f to false if we want
to apply the wand.

3.2 Solution: Fixed heap locations and expressions

We have seen that the assumption that an expression e changes its value
between packaging and application of the wand, can be justified by the
Footprint Factor or the Left-Hand Side Factor. But in general, the assumption
is unjustified. Therefore, our solution is to determine which assumptions are
justified, and then do the following:

If the assumption is justified, we join branches as the current algorithm does.
If the assumption is unjustified, we join the branches by taking an upper
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bound of both computed footprints. An upper bound of two footprints
footy, foot, is a footprint which has, for any heap location at least as much
permission as foot; and foot,. This is sound because no matter which value
the condition has, the footprint is definitely big enough because we took an
upper bound of both cases.

3.3 Examples

Let us look at a few examples. In the first example, we will have a look at a
wand for which the assumption is unjustified.

Example 3.3.1. acc(x.f) && (x.f ? acc(a.f,1/2) : acc(b.f,1/2)) --+ acc
(a.f,1/2) && acc(b.f,1/2)

In this case, the current algorithm would branch over x.f, and in the case
where x.f is assumed to true, the footprint would be acc(b.f,1/2) because
the left-hand side provides acc(a.f,1/2), so only access to b.f has to be
provided by the footprint. And for similar reasons in the case where x.f is
assumed to be false the footprint is acc(a.f,1/2). So the current algorithm
would compute the footprint x.f?acc(a.f,1/2):acc(b.f,1/2). However, this
footprint is incorrect: We can actually derive false in Viper, as shown in
Listing 3.1. We do this, by setting x.f to false if we lost half permission to
a.f, and to true otherwise. We can do this because we have full permission
to x.f. As the left-hand side of the wand is still fulfilled the wand can still
be applied. But now if we apply the wand we have to give up permission to
the heap location for which the footprint has already given up permission.
In return, we gain permission to the heap location for which we never gave
up any permission. As we now have a permission amount of more than one
for a heap location we can prove false in Viper. As we started in a consistent
state and derived false this is clearly an unsoundness.

In this case, neither the Footprint Factor nor the Left-Hand Side Factor from
Section 3.1 is applicable for the expression x.f: No permission to x.f is in the
footprint, and the left-hand side does not enforce a value for x.f. Therefore,
the new algorithm should detect that x.f could change between packaging
and applying, and therefore should compute an upper bound of both foot-
prints which, should be acc(a.f,1/2)&&acc(b.f,1/2).

The next two examples are examples in which the assumption is justified.

Example3.3.2. acc(x.f,1/2) && (x.f ? acc(a.f,1/2) : acc(b.f,1/2)) --=
acc(a.f,1/2) && acc(b.f,1/2) && acc(x.f)
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field f: Bool
method main(x: Ref, a: Ref, b: Ref)
requires acc(x.f) && acc(a.f) && acc(b.f)
ensures false
{
package acc(x.f) && (x.f ? acc(a.f, 1/2) : acc(b.f, 1/2))
--% acc(a.f, 1/2) && acc(b.f, 1/2)
assert (perm(a.f) == 1/1 && perm(b.f) == 1/2) || (perm(a.f
) == 1/2 && perm(b.f) == 1/1)
x.f := perm(a.f) != 1/1
apply acc(x.f) && (x.f ? acc(a.f, 1/2) : acc(b.f, 1/2))
--+ acc(a.f, 1/2) && acc(b.f, 1/2)
}

Listing 3.1: Viper program to illustrate the unsoundness of the current package algorithm. Line
9 is needed otherwise the verification process would fail due to incompleteness. On line 11 we set
x.f to the desired value using the perm keyword, which returns the permission amount to a heap
location in the given state. This program is verified in Silicon.

In this case, (x.f?acc(a.f,1/2):acc(b.f,1/2)) && acc(x.f,1/2) is a correct
footprint, because the value of x.f cannot change between packaging and
applying. This is the case as here the Footprint Factor is applicable, as part
of the footprint permission to x.f was removed and therefore there is not
enough permission to change the value of x.f after the packaging.

Example 3.3.3. acc(x.f) && x.f==c && (x.f ? acc(a.f,1/2) : acc(b.f,1/2)
) ——+% acc(a.f,1/2) && acc(b.f,1/2)

In this case, x.f?acc(a.f,1/2):acc(b.f,1/2) is a correct footprint, because
here the Left-Hand Side factor is applicable, as the left-hand side of the wand
enforces the value of x.f to be c when applying and packaging the wand.

So one goal of the sound algorithm should be finding out which branch
conditions could change their value between packaging and applying a wand.
In the next Section, we introduce the notion of fixed expressions, to formalize
this idea. A heap location or expression should be considered fixed if it must
evaluate to the same value in assume W Tpoor and 0y p1y W Tp04-
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Formalization of a Sound Approach

In this Chapter, we formalize our approach to compute valid footprints, by
leveraging the current algorithm and determining which assumptions are
justified and which are not. We determine which assumptions are justified
using the notion of fixedness; intuitively, a heap location (or an expression) is
fixed iff the value of the heap location (or expression) is the same in all states
in which the wand can be applied.

We first give a formal definition of fixedness in Section 4.2, then explain
how to use this notion to compute a correct footprint in 4.3. However, it is
hard to compute explicitly the set of heap locations that are fixed, because it
involves quantification over states. Therefore, we explain in Sections 4.4 and
4.5 how to overapproximate this set in a sound manner. Finally, we describe
the precision we lose due to the overapproximation in Section 4.6.

In this Chapter, we will use the following notation: e denotes an expres-
sion, b denotes a boolean expression, and e.f denotes a heap location!. As
previously described in Chapter 1 07 10> means that states o7 and o, are
compatible, and oy W 0, is the combination of two compatible states.

4.1 Subset of Viper

In this and the following Chapter, we will only consider a subset of the Viper
language. In particular, the left-hand side and the right-hand side of our
magic wands are only assertions in the following grammar:

A= e | AxA | acc(ef,e) | e?A: A

e = localvar | op(é) | ef | e?e:e

More precisely, we would call it a heap location expression, but for readability purposes,
we will refer to it as heap location.

11
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Here op(é) stands for an operation including arbitrary many pure subex-
pressions, such as equality; inequality; arithmetic, and boolean operations.
And e; ?e; : e3 stands for the ternary operator which has the value of e; if
e1 evaluates to true and the value e3 otherwise. And e?A : A is the ternary
operator for assertions.

In the full Viper language, the left-hand side and the right-hand side of
magic wands can also contain predicates, quantified expressions, quantified
permissions, or even other magic wands.

Another part that we ignore is proof scripts for magic wands, which are
basically hints for the package algorithm on how to package a magic wand.

4.2 Fixedness of heap locations and expressions

To formally define the concept of fixedness, we first need to define what an
applicable state is.

Definition 4.2.1 (Applicable state). A state o is applicable with respect to an
assertion A and a state O, iff 0 L0fo0r and o = A.

Note that if a state is applicable with respect to A and 0y, then it is a state
in which the wand A — B packaged with the footprint ¢, could be applied.
As the notion of fixedness involves all states for which a wand is applicable
we use the following definition to define this set.

Definition 4.2.2 (Set of applicable states). Let SAS(A, 0foot) e the set of all
states which are applicable with respect to the assertion A and the footprint o e;.

Now we can proceed with the notion of fixedness. A heap location is fixed
iff for all applicable states combined with 0y, it evaluates to the same value.
More formally the definition of fixedness for a heap location is,

Definition 4.2.3 (Fixedness of heap locations). A heap location e.f is fixed with
respect to an assertion A and a state 0soo, written fixed(e.f, A, 0foor) iff
v0—1111 O € SAS(A/ Ufoot) . (Ual W Ufoot)(e-f) = (UaZ W Ufoot)(e-f)'

Two reasons why a heap location can be fixed are given in Section 3.1 by the
Footprint Factor and the Left-Hand Side Factor. Intuitively the two reasons
are:

- If 07y contains the heap location then in every applicable state the
value of the heap location must be the same as in the footprint.

- If the assertion A requires the heap location to have a certain value.



4.3. Fix the current algorithm using fixed expressions

b % Ofoot = OF & (b’?O'b : U—.b)

Op O-b

Figure 4.1: lllustration on how the current algorithm handles branches. b is the branch condition.
oF is the footprint computed until the branch point. ¢, and 0, are the footprints of the branches
after the branch point. b’ is the value ()ogssume & 0F ) (b). oot is the final footprint.

The algorithm we will present will compute an overapproximation of which
heap locations are fixed. But sometimes we also want to reason whether
an expression is fixed or not; The next definition and theorem fulfill that
purpose. Intuitively, an expression is fixed if its value is the same in all
applicable states combined with o,

Or more formally,

Definition 4.2.4 (Fixedness of expressions). An expression e is fixed with respect
to an assertion A and a state 0o, written fixed(e, A, 0poor) iff  V0u1,002 €
SAS(A, Ufoot) (o W Ufoot) (e) = (0¥ Ufoot)(e)'

The next theorem gives us a way to detect fixed expressions given that we
know which heap locations are fixed. Namely, an expression is fixed, if all
heap locations it refers to are fixed.

Theorem 4.2.1. If Ve,.f €heaplocs(ey)-fixed(ez.f, A, Troot) then fixed(e1, A, Tfoot)
Proof. By structural induction on the expression e. ]

Here heaplocs(e;) represents the set of all heap locations syntactically refer-
enced by e;.

4.3 Fix the current algorithm using fixed expressions

In this Section, we will show how we can use the current algorithm together
with the information about which expressions are fixed to create a correct
footprint.

13
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Let us first have a look again at how the current algorithm handles branches.
As illustrated in Figure 4.1, the current algorithm first computes the footprint
until the branching point, here denoted by cr. Then it branches on the
condition b and computes what has to be added to the footprint. If b is true,
0p has to be added and if b is false 0 has to be added. This is then combined
to op W (b'?0y : o) which is the final footprint.

Let us look at a concrete example of this procedure.

Example 4.3.1. For the wand true --» acc(x.f) & (x.f ? acc(y.f) : acc
(z.£)) the branching condition is x.f. or is ace(x.f) as it is the footprint
recorded until the branching point. ¢; is ace(y. f) because if x.f is true acc(
y.f) has to be provided by the footprint. For similar reasons, o is acc(z.f).
Therefore, the final footprint is acc(x.f) && (x.f’ ? acc(y.f) : acc(z.f)).
Here, x.f’ stands for the value of ()0gssume W o) (x.f). We have seen that this
is a wrong footprint as (0,pp1, W 0F) (x.f) might evaluate to —x.f".

Even though the footprint computed by the current algorithm is incorrect
some assumptions made about it and the states or, 0, and o, are still correct
and useful. Two of these assumptions are stated below as they will be
important to reason about the soundness of the new package algorithm. We
will not prove their correctness. All the assumptions are for the above case
where we branch once over b and a wand where A represents the left-hand
side and B represents the right-hand side.

The first assumption is:

Assumption 4.3.1. Vo4 € SAS(A, or) it holds that o4 & o has enough permission
to evaluate b

This is the case because the wand has to be self framing.

The next assumption is that the footprint computed for each branch is a
correct footprint for the corresponding branch, or more formally:

Assumption 4.3.2. Vo, € SAS(A, 0r) where (o4 Wor)(b) is true and o4 Loy, it
hOldS, that oA Wordoy |: B.

And similarly, Vo, € SAS(A, or) where (o4 Wor)(b) is false and o4 Loy, it holds,
that caWordoy |: B.

Using these assumptions we will now state two theorems related to the idea
for a sound package algorithm given in Section 3.2. As explained in Section
3.2, if the expression over which the algorithm branched is not fixed, we
compute an upper bound of the footprints computed in both branches and
take it as the footprint. The following theorem shows that this is indeed a
correct footprint.
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Theorem 4.3.1. or W (03, U 0—yp) is a correct footprint for the wand A — B
Here, 03, U 0, denotes a state which is an upper bound to both ¢, and 0.

Proof. From assumption 4.3.2 we know Vo, € SAS(A, or W (0, U0—yp)) either
TaWopWo, = BorogWorWoy, = B holds depending on whether (04 W
or)(b) is true or not. And because we are in an intuitionistic logic and
TaWord (0, Uoy) is bigger or equal then both 04 Wor Woy, and 04 Wop W oy,
we have that o4 Wor W (0, Uo—,) = B, no matter whether (04 W or)(b) is
true or not. And therefore, or W (0, U0—y) is a correct footprint for the wand
A — B by definition. O

However, when the expression over which the algorithm branches is fixed,
we can be more precise, as described by the following theorem.

Theorem 4.3.2. If fixed(b, A,0r) then either or W 0, or op W oy is a correct
footprint for the wand A — B.

Proof. We prove this by case distinction.

Case 1: SAS(A,0r) =@

As no state that models A is compatible with o, also no state that models A
is compatible with or & 03, and therefore, or W 03, is a footprint for any wand
with the left-hand side A.

Case 2: SAS(A,0r) # @

From our assumption that fixed(b, A, o) we know that (04 Wor)(b) has the
same value for all states o4 € SAS(A,0r). Now assume without loss of
generality that this value is true. Then from assumption 4.3.2 and the fact
that SAS(A, or Wop) € SAS(A, 0r) we now know that You € SAS(A, or W
0p) - oA WorWoy = B. And therefore, o W 0y, is a correct footprint for the
wand A — B. O

These two theorems lead us to an algorithm to compute a correct footprint
using the states or, 03, and ¢, computed by the current algorithm. Namely,
if we know that fixed(b, A, or) holds we can branch as we did before. This
is sound, as in at least one branch we have a correct footprint. To prove
correctness of the program we have to prove correctness in both branches
and therefore definitely in the branch with the correct footprint. And if
we cannot prove that fixed(b, A, or) holds we take or W (0, U o) as the
footprint for the wand. Because of theorem 4.3.1 we know that this is always
a correct footprint. This means if we know which expressions are fixed we
can augment the current algorithm to compute a correct footprint. The next
Chapters are about how we can find the set of fixed expressions or at least
an overapproximation of it.

15
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4.4 Overapproximating the set of fixed heap locations

As it is hard to find the exact set of fixed expressions we will try to find the
set of fixed heap locations and use theorem 4.2.1 to get an overapproximation
of the set of fixed expressions. As it is also hard to find the exact set of fixed
heap locations this Section will cover a way to compute an overapproximation
of this set.

Given an assertion A and a footprint o, intuitively there are two reasons
why a heap location is fixed: Either because the footprint contains part of the
heap location; this is what we called the Footprint Factor in Section 3.1 and
is described by lemma 4.4.1. Or because the assertion requires that the heap
location has a certain value; this is what we called the Left-Hand Side Factor
in Section 3.1. Lemma 4.4.2 tells us that if a part of an assertion, together
with the footprint already fixes a heap location then adding something to the
assertion does not "unfix" the heap location.

Lemma 4.4.1. If e.f is in the heap of 0¢oo; then fixed(e.f, A, 0oot)

Proof. e.f is in the heap of 0for =

Ufoot(e.f) = Ufoot(e.f) —
Vou1,0a2 € SAS(A, Ufoot) (0m W Ufoot)(e-f) = (o W Ufoot)<e-f) D

Lemma 4.4.2. fixed(e.f, A1, 0foot) implies fixed(e.f, A1 * Az, Cfoot)

Proof. {c|oc |E A1 x Ay} C{olc E A1} =
SAS(A1 * Az, 0eor) S SAS(A1, Tfoot) O

It can also happen that a sub-expression of the assertion does not directly fix
a heap location, but it does it if the rest of the assertion or the footprint fixes
another location. This is shown by the following example:

Example 4.4.1. acc(x.f)&acc(y.f,1/2)&&x.f==y.f--+acc(y.f)

The left-hand side of this wand together with its footprint ace(y.f,1/2) fixes
both y.f and x.f. y.f is fixed because it is part of the footprint and x.f is
fixed because y.f is fixed and the wand’s left-hand side requires that x.f and
y.f are equal.

4.4.1 Algorithm to syntactically overapproximate the set of fixed
heap locations

The findings of the last Section give rise to an algorithm that syntactically
overapproximates the set of heap locations that are fixed. We first go over the
structure of the left-hand side of the wand we want to package and compute
a dependency graph for fixed heap locations. We represent this dependency
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graph with a set of pairs with type (Set(heaplocation), heaplocation) and call
it dependent fixed graph (dfg). If (s,e.f) is in the dependent fixed graph of A
then it means that A and o7y, fix e.f if all heap locations in s are fixed by A
and 0ot We then instrument the current algorithm to compute the footprint
of the wand to get the information of which heap locations are fixed by the
footprint. It is sound to use the current algorithm because the footprint we
will compute in the end is bigger or equal to the one computed by the current
algorithm. And therefore, the footprint, in the end, will at least contain all

heap locations that the footprint computed by the current algorithm contains.

Then, we use the dfg and information from the footprint to compute the set
of fixed heap locations in the following way: We keep track of the set of fixed
heap locations (sfhl). Initially, sthl is the set of heap locations contained in the
footprint. Then, we go over the pairs (s,e.f) in the dfg and add e.f to the
sthl if s C sfhl. We repeat the process until we reach a fix point. The sthl at
this fix point is the final set of fixed heap locations. Let sthl(c¥,,dfg) denote
the set of fixed heap locations computed this way given the footprint oy
and the dependent fixed set dfg.

Let us have a look at an example where we compute the sthl given a dfg and
a footprint.

Example 44.2. dfg = {({y.g,x.g,b.g},z.g), {a.g}, v.8), ({},b-g), ({x.g}, a-)}

and footprint acc(x.g)

Figure 4.2 is a visual representation of the dfg of example 4.4.2. Let us denote

o @
@

Figure 4.2: One area, together with an arrow pointing to a heap location, represents one tuple
of the dfg. For example, the green circle, together with the arrow pointing to a.g, represents the
tuple ({x.g},a.g). If all heap locations in one area are fixed then we can conclude that all heap
locations the area points to (with an arrow) are also fixed.

z.g

shfl; as the sfhl after the ith iteration of the algorithm to compute the sfhl.

17
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As the computed footprint is acc(x.g), the initial sfhly is {x.g}. After one
iteration sfhl; will be {x.g,a.¢,b.¢}. a.g is in shfl;, because ({x.¢},a.¢) €
dfg and {x.g} C sfhly and b.g is in shfl;, because ({},b.g) € dfg and
{} C sfhly. After one more iteration sfhl, will be {x.g,a.¢,b.g,y.9}. sfhls is
{x.g,0.9,b.g,y.9,2z.9} and as sfhly is also {x.g,a.g,b.¢,1.8,2z.§} we reached a
fix point and therefore the final sfhl will be {x.g,4.¢,b.g,y.8,2.8}.

We now know how we can compute the set of fixed heap locations given
the footprint computed by the current algorithm and the dependent fixed
graph. The next sections cover how we can compute the dfg given a wand’s
left-hand side.

4.4.2 Computation of the dependent fix graph

The way the dfg for an assertion is computed is given by the following rules.
dfg(Aq x Ay) = dfg(Aq)Udfg(Az)

This is because of Theorem 4.4.2.

If for example dfg(A;) = {({a.g}, x.f)} and dfg(Az) = {({b.g}, x.f)} then
dfg(A1* Ap) is {({a.g}, x.f), ({b.g}, x.f)}. Note that this means that if either
a.g or b.g is fixed then we know that x.f is fixed. This is, because A; gives
us the information that if a.g is fixed then x.f is fixed and A, gives us the
information that if b.g is fixed then x.f. And theorem 4.4.2 tells us that the *
connective does not "delete”" information about fixedness.

dfg(e.f) = {({},e.f)} and dfg(not(e.f)) = {({},e.f)}

This is because in every state 0, with 0, |= e.f, e.f has the same value,
namely true. A similar reason holds for not(e.f).

dfg(e; == es.f) = {({all heap locations contained in e },e.f)}

This is because if all heap locations contained in e; are fixed then so is
e; and because e; == ey.f this also fixes e;.f

dfg(e1.f == ex) = {({all heap locations contained in e, },e1.f) }
dig(er.f == ex.f) = {({e2f} e1.f), ({e1-f}, e2.f) }

These rules hold similar reasons as the one above.

dfg(all other cases) = {}
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4.4.3 Examples

Let us look at two concrete examples for the computation of the dfg given an
assertion. For the example 4.4.1 we have dfg(acc(x.f)&kacc(y.f,1/2)&&x.f
==y.f) = {({x.f},v.f), {y.f},x.f)}. The fact that ({y.f}, x.f) is in the dfg
together with the fact that y.f is in the footprint fixes x.f.

Let us look at another example:

Example 4.4.3. dfg(acc(x.f)&&acc(y.f)&&x. f==y.f&&x.f)

={({xf}Lv.f), {yf},x.f), {},x.f)}. The fact that ({},x.f) is in the dfg

already fixes x.f because all heap locations in {} are fixed. And then we can
use the fact that x.f is fixed and that ({x.f},y.f) is in the dfg to conclude
that y.f is also fixed.

4.4.4 Qverapproximation theorem

The next theorem states that the way to compute the set of fixed heap
locations described in this Section is indeed a sound overapproximation. This
means that all heap location in the computed set of fixed heap locations are
indeed fixed.

Theorem 4.4.3. Given A and oy, Ve.f €sfhl(dfg(A), 0foor)-fixed(e.f, A, Troor)-

This theorem is justified by the way dfg and sthl are computed, and it is
crucial to guarantee that the footprint that the new algorithm computes is
valid.

4.5 Handling conditionals

Until now, we did not look at how ternary expressions in an assertion should
be handled to overapproximate the set of fixed heap locations.

To formalize this, we first introduce the definition of conditional fixedness.

Definition 4.5.1 (Conditional fixedness of heap locations). The heap location
e.f is conditionally fixed with respect to an assertion A, a state os,o; and a condition
b, written cfixed(e.f, A, Ofoot, b) iff V041,002 € SAS(A, Tfoot) -

(Uul W Ufoot) (b) A (UIZZ & Ufoot) (b) = (Ual W U'foot) (6) = (‘TﬂZ 7 Ufaot) (3)

This definition basically means that e.f is fixed under the assumption that b
is true. The notion of conditional fixedness is closely connected to the notion
of fixedness. More precisely:

Lemma 4.5.1. fixed(e.f, A, 0fo0t) iff cfixed(e.f, A, Ofoot, true)

Conditional fixedness is also closed under the negation:
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Lemma 4.5.2. cfixed(ba, A, 0foor, b1) iff cfixed(not(b2), A, oot b1)

With the next theorem, we justify that if we branch over a fixed condition
and both branches fix a heap location e.f then e.f is fixed with respect to
the whole wand. This intuitively makes sense, because if we know that for
all applicable states the branch condition has the same value. And if we
additionally know that given the value of the branch condition the value of
e.f is fixed, then we know that e.f is fixed.

Theorem 4.5.3. If fixed(b, A, 0f,t) and
cfixed(e.f, A, Tfoots b) and cfixed(e.f, A, Tfoots not(b))
then fixed(e.f, A, Tfoot)

Proof. Let 041,05 € SAS(A, U'foot) be arbitrary.

b is fixed with respect to A and 04,y =

(021 W Ot ) (b) = (02 W Tp001) () —=

(Uﬂl S Ufoot)(b) A ((TaZ S Ufoot)(b) =
(0a1 W 0ot ) (e-f ) = (a2 W Ofoot) (-f) O

* w.l.o.g. assume (01 W 0fo0r) (b) = true
% cfixed(e.f, A, Ooot, b)

The next theorem extends theorem 4.5.3 in a way such that it can be used for
nested branches.

Theorem 4.5.4. If cfixed(bz, A, 0o, b1) and
cfixed(e.f, A, Ofoor, b1 A b2) and cfixed(e.f, A, Tfoor, b1 A n0t(b2)))
then cfixed(e.f, A, Tfoot, b1)

Proof. Let 041,042 € SAS(A, 0fo0t) be arbitrary.

*

b1) A (Ca2 W o) (1) =
b1) A (‘TaZ S Ufoot)(b1> A (‘Tal 2 Ufoot)(bZ) = <Ua2 S afoot)(bZ) =

ok

b1 Aba) A (002 W Ofoor) (b1 A b2) =
ef) - (O'aZ W Ufoot)(e'f) O

Ta1 W oot
U1 @ U¥foot

A~~~ N/~

* cfixed (b2, A, 0foor, b1)
*+ w.l.o.g. assume (0,1 & (Tfoot)(bZ) = true
* + * cfixed(e.f, A, 0foot, b1 A b2)

Theorems 4.5.3 and 4.5.4 can be used to prove overall fixedness using condi-
tional fixedness. Assume we branch over b; and in the true branch we once
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again branch over b, and in the false branch over b3. If e.f is now condi-
tionally fixed under the condition b; A by, that means in the branch where
we assume by and b; to be true, and also under the condition by A not(b,).
And if additionally b, is conditionally fixed under the condition b; then by
theorem 4.5.4 e.f is conditionally fixed under the conditions b;. If we now
can show in a similar fashion that e.f is also conditionally fixed under the
condition not(by). And if by is fixed then by theorem 4.5.3 e.f is fixed.

This now gives rise to a rule to extend the dependent fixed graph for ternary
operators.

dfg(b?A; : A2) = {({all heap locations contained in b}, e.f)|
e.f € (sthl(dfg(A;))Nsthl(dfg(A2)))}

Here, sfhl(dfg) denotes the set of fixed heap locations computed using the
algorithm from Section 4.4.1 but with an empty footprint. If (s,e.f) is in
dfg(b?A; : A) then if everything in s is fixed e.f is also fixed. This is the
case, because on the one hand if everything in s is fixed then by theorem 4.2.1
b is fixed. On the other hand e.f has to be in the sfhl of both A; and A, and
therefore we know that e.f is conditionally fixed on both b and not(b). From
theorem 4.5.3 we then know that e.f has to be fixed.

Next, we will look at a concrete example, where we want to compute the dfg
of the following assertion.

Example 4.5.1. acc(y.f) && acc(x.f) && (x.f ? y.f : acc(z.f) && y.f==
z.f && !'z.f)

Figure 4.5.1 shows an illustration of this example. By the rules in Section
442, we have dfg(v.f) = {({},y.f)} and
dfg(acc(z.f) && y.f==z.f & !z.f) = {({y.f},z.f), {z.f}y.f), {}, z.f)}
and therefore sfhl(dfg(y.f)) = {y.f} and sthl(dfg(acc(z.f) && y.f==z.f
&& 'z.f)) = {y.f,z.f}. Using the rule for dfg(b?A; : A;), we can conclude
that dfg(acc(y.f) & acc(x.f) && (x.f ? y.f : acc(z.f) && y.f==z.f &&
tz.£)) = {({x.f},y.f)}. This means that the assertion in the example fixes
y.f if x.f is fixed.

As Silicon branches over ternary expressions, we cannot use the above ap-
proach directly. What we will do instead is we will record a dfg for each
branch then compute the sthl for each branch and then take the union of all
these sfhl’s as the final set of fixed heap locations.

So for b?A; : Ay two branches are created: One where b is assumed to be
true and one where it is assumed to be false. In the true branch, the dfg will
be

{({all heap locations contained in b},e.f)|e.f € sthl(dfg(A1))}
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x.f Ix.f

branch dfg O—» y.f 0'6

branch sfhl {yf} {yfzf}

final dfg @—» y.f

Figure 4.3: Visual representation of example 4.5.1. There is one column for each branch: One
branch where x.f is assumed to be true and one where it is assumed to be false. The top row is
the dfg computed for the assertions y.f and acc(z.f)&&y.f == z.f&&!z.f). The second row
is the sfhl of both assertions. The last row is the combined dfg as described by the rule for
dfg(b?A; : Ap).

and in the false branch, it will be
{({all heap locations contained in b},e.f)|e.f € sthl(dfg(A2))}

Now e.f can only be in the final sthl of both branches if all heap locations of
b are in both sfhl’s and therefore fixed.

4.6 Completeness gap

As we syntactically overapproximate the set of fixed heap locations the
algorithm might fail to detect that a certain heap location is fixed. Which
could then lead to a case where the algorithm doesn’t compute the smallest
footprint.

One such case is shown with the following example.

Example 4.6.1. acc(x.g) && x.g>a && x.g<=a --+ acc(x.g) && (x.g==0 ?
acc(y.g) : acc(z.g))

For this wand our algorithm would not detect that the assertion x.g>a && x.g
<=a would fix the value of x.g to a4, because for the assertion x.g>a && x.g<=a



4.6. Completeness gap

nothing is recorded in the dfg. As the algorithm cannot be certain that the
branch condition x.g==0 is fixed it computes an upper bound of the footprints
of both branches, which in this case could be acc(y.g) && acc(z.g). But
more precise would be to detect that the branch condition x.g==0 is fixed and

therefore x.g==0 ? acc(y.g) : acc(z.g) would also be a correct footprint
which is even smaller.
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Chapter 5

Symbolic Execution Rules

This Chapter provides symbolic execution rules for a possible implementation
of a new and sound package algorithm based on the findings of the previous
Chapters. As the new algorithm uses many parts of the current algorithm we
first recap how the current algorithm works. For a more detailed explanation,
we refer to Chapter 5 of the PhD thesis of Dr. Malte Schwerhoff [9]. In the rest
of the Chapter, we present symbolic execution rules for the new algorithm.

To save space we will use many notations and functions from the PhD thesis
of Dr. Malte Schwerhoff [9], without reintroducing them. Therefore, Chapters
3 and 5 of his PhD thesis should be seen as a prerequisite for this Chapter.

5.1 Current Algorithm

Listing 5.1 shows the symbolic execution rule of the current algorithm. To
package a magic wand, the current algorithm first creates a state representing
the left-hand side (o) by inhaling (produce) the left-hand side in an empty
state (line 7). It then tries to exhale (consume) the right-hand side (line 8). If
more permissions are needed than provided by the left-hand side heap (y;,5.h),
they are taken from the heap of the state in which we package the wand
(01.h). This way the footprint is computed implicitly, and it corresponded to
the permissions removed from ¢y.h during this process.

As produce and consume-ext could branch line 9 could be reached multiple
times. As discussed before making assumptions on the value of some of the
branch conditions is unsound because they may change between packaging
and applying the wand.

25



5. SymBoLIC ExEcuTiON RULES

26

1
2
3
4
5
6
7
8
9

exec(oq,package a1 — — *xay,Q) =
Sips += fresh
Let idyguq(¢’) be a magic wand chunk identifier
corresponding to a; — — *xap
wandChunk := idyg,4(€)
Oempty 2= O1{h = O}
prOduce(Uempty/ a1, Sins, (/\Ulhs ’
consume-ext ([oys.h, o1.h], oy {h 1= D}, az, (A 1], Ouseds —
Q(0ysea{h := heap-add(h', wandChunk)}))

Listing 5.1: The wand a; — — % a, is packaged in the state 07. Q is the continuation that has to
be executed after the packaging is completed. oy, is the state which represents the left-hand side
of the wand. / is the heap of 07 after the FIA, which will also be the heap of the state given to
the continuation. heap-add is used to add the chunk representing the magic wand to the heap
given to the continuation.

5.2 Overview

Before we have a look at each part of the new algorithm in more detail we
will give a brief overview of what the new algorithm will look like based on
the findings of Chapter 4. Figure 5.1 illustrates the new package algorithm.
It takes as input a wand A — B and outputs a footprint of the wand. For this

New algorithm

b O foot —b

A =« B—
bafoot b

O foot

Figure 5.1: The gray box represents the new algorithm. A — B is the wand we want to package.
oot is the computed footprint. We assume the current algorithm branches exactly once. b is the
branch condition. 0,0t p and Tsopt —p are the footprints of the corresponding branches computed
by the current algorithm. dfg;, and dfg_; are the dependent fixed graphs computed for each
branch. sfhlsy; contains all heap location contained in both oy and 0feos —p- Sfhlp, and
sfhl_y, are the set of fixed heap locations computed for each branch. sfhl is the set of fixed heap
locations for the whole wand.
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description, we will have a look at a wand for which the current algorithm
branches exactly once on the condition b. If there were more branches the
description could be generalized for more branches. The first step of the new
algorithm is to use the current algorithm to compute the footprint on each
branch. The current algorithm is also extended with the dfg computation
part, which simultaneously with the footprint computation also computes
the dfg per branch. As we know that all heap locations that occur in both
Tfoot b and Tgo0t —p Will be in the footprint and therefore fixed, we take sfhif,,
as the initial set of fixed heap locations for the sfhl computation. We then
use dfgy, dfg—p and sfhlsyo to compute sfhl, and sfhly. sfhl, and sfhl-,
are then combined to sfhl, by taking all heap locations which are fixed by
both sfhl, and sfhl_,. We then join the footprints o, and oy, - With the
information of the sfhl, which concretely means if all heap locations of b are
in sfhl then oy, = b?0; : 0—p and otherwise of,; = 03 U 0 as described in
Chapter 4.3. This joined footprint is then the footprint computed by the new
algorithm.

5.3 Computing the dependent fixed graph

The rules for how to compute the dependent fixed graph (dfg) are already
given in Chapter 4, and it is dependent on the structure of the wand’s left-
hand side. Therefore, it is natural to compute the dfg simultaneously with
producing the left-hand side of the wand. Therefore, we will extend the pro-
duce rule such that it also takes a dfg as an input and the continuation also
takes the extended dfg as an input. In Silicon, a heap location is represented
as a tuple of the symbolic value of the reference and the field id. Because dfg
is of type Set[(Set[(heaplocation)], heaplocation)] the type in Silicon will be
Set[(Set[(Symbol, Id)], (Symbol, Id)))]. Which leads to the new produce rule
called produce’ with the type

produce’ : ¥ — A — Snap — Set[(Set[(Symbol,1d)], (Symbol,Id))] —
(X — List[Set[Symbol, Id)], (Symbol,1d)] — R) — R

Listing 5.2 shows the new produce’ rule but only the cases where we do
not branch. For the first case (lines 1 to 4) where we produce a pure ex-
pression, just like normal produce, we add ¢/, which is e evaluated in o3, to
the path conditions. The more interesting part is what we add to the dfg.
dependentfix is a function which calculates exactly that. If e is of the form
e1.f then we can add the corresponding heap location, which is described
by the tuple (c.eval(e;), f), without any dependency because we know that
e1.f has to have the value true. c.eval(e;) is e; evaluated in ¢ which is
the symbolic value of the reference e;. If we have something of the form
e1.f == e then we add (c.eval(e;), f) under the dependency that e, is fixed
which is, as described by Theorem 4.2.4, the case if all heap locations in e;
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produce’(cy,e,5,dfg,Q)) =
eval(oy,e, (Ao, €
1, =pc-add(oy.7t, {€/,s = unit})
Q(o2{m = m},dfgUdependentfix(os,e)))

dependentfix: X — E — Set[(Set[(Symbol, Id)], (Symbol, 1d))]

dependentfix(c,e.f) = {({}, (c.eval(e), f))}
dependentfix(c,e1.f == e2.9) =

{({(c-eval(er), f)}, (0.eval(es),g)), {(0.eval(e),g)}, (c-eval(er), f))}
dependentfix(c,e;.f == e;) = {(neededtofix(c,ey),c.eval(er), f))}
dependentfix(c,e; == e.f) = {(neededtofix(c,e;), (c.eval(ez), f))}
dependentfix(c,e) = {}

neededtofix: ¥ — E — Set[(Term, Id)]
neededtofix(c,e) = {(c.eval(e;),f) | e;.f is a sub expression of e}

produce’ (01, a1 &&ay,s,dfg1, Q) =

produce’ (o3, a1, first(s),dfg1, (Ao, df o
produce’ (03, ap, second(s),dfg>, Q)

Listing 5.2: The new produce’ rule. Similar to the old produce but it also computes the
dfg. dependentfix is a function that computes the dfg of a pure expression. c.eval(e;) is e;
evaluated in 0. neededtofix computes the heap location needed to be fixed in order to fix the
expression given as input.

are fixed. The set of all heap locations of an expression is computed by the
function neededtofix.

Now we look at lines 19 to 21, where we handle the separating conjunction.
For the separating conjunction, we first produce the first part and give the
resulting state and dfg as input to produce the second part.

Let us look at a few examples. In the following, x’ stands for the symbolic
value of x and so does y’ for y and z’ for z. The simplest case is if we produce
x.f then after the produce the dfg is {({}, (x’, f))}. Another example is pro-
ducing x.g == (y.g¢ + z.g), which leads to the dfg {({(v/, g), (z,§)}, (¥, ¢)) }
And therefore the computed dfg of x.f&&x.¢ == (y.¢ +z.8) is {({}, (¥, f)),
{(/,g), (7,8}, (x,g))} as it is by the rules, just the union of the dfg of x.f

and x.g == (y.g +z.9)-

Listing 5.3 shows the dfg computation for the branch case. We branch
over ¢’ and in both branches we use produce’ to produce a; or a; and also
compute the dfg for both branches. The dfg we give to the continuation is
the dfg we had before the production of a; or a, plus the set of fixed heap
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5.4. Computing the explicit footprint

produce’ (o1, e?ay : az,s,dfg1,Q) =
eval (o, e(Aoy, €
branche(o, ¢/,
(Aos- produce’ (03, a1,s,D,
(Aos,dfgs - Q(os,df g1 UaddDependency(ou,e,dfg2)))))
(Aos- produce’ (03, az,s,D,
(Aoy,dfgs - Q(os,dfg1UaddDependency(ou,e,dfg2)))))))

addDependency: Y — E — Set[(Set[(Term,Id)], (Term,Id))] —
Set[(Set[(Term, Id)], (Term, 1d))]

addDependency(c, e, dfg) =
{(neededtofix(c,e), heaploction)
| heaplocation € dfgToFixSet(o.7t,D,dfg)}

Listing 5.3: produce’ rule for the branch case. addDependency computes the dfg of the
branches as explained at the end of Section 4.5. dfgToFixSet computes the sfhl given a dfg as
explained in Section 4.4.1. dfgToFixSet will be explained in more detail later on in Listing 5.7.

produce’(oy,4,s,dfg,Q)) =
produce(cy, a,s, (Aoz - Q(02,dfg))

Listing 5.4: produce’ for remaining cases. For this cases, it is just the normal produce and we do
not augment the dfg.

locations given the dfg produced by a; or a,. But there we have to add the
dependency that the condition we branch over is also fixed.

Listing 5.4 shows the produce’ rule for the remaining cased. As we do
not gain information about the fixedness of heap locations we do not aug-
ment the dfg.

5.4 Computing the explicit footprint

The next step is to augment the consume-ext function such that it also
explicitly computes which chunks are removed from the outside heap, as
part of the footprint. We call this new consume-ext function consume-ext’.
We need to have an explicit footprint per branch because we want to join
them afterward and the explicit footprint also tells us which heap locations
are fixed by the footprint. The type of the footprint in Silicon is a list of
chunks. First, we have to augment the transfer function such that it also
records which chunks it had removed from each heap. The new type of this
augmented transfer, called transfer’ is,

List{H] — H — I1 — Id — Perm — Option|(List[H|, List[chunck]|, H, Snap)]
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consume-ext’: List[H| — List[chunk] - ¥ — A
— (List[H| — List[chunk] — ¥ — Snap — R) — R

consume-ext’ (1, footprint,oq,acc(e.f, p), Q) =
eval(oy,p:e (Aop, p' e
tranfer’ (h,0p.h,05.71,¢'.f,p') matches
Some(ha, ch, hy, s) :
Q(hy, footprint+ : ch[—1],01{h := hy},s)
None :

failure()))

Listing 5.5: Rule for consume-ext’. Similar to consume-ext but the footprint is additionally
recorded.

transfer’ is the same as transfer, but it also returns the chunks it has
removed from the corresponding heaps,

e.g. if transfer’ ([hy, ha], h,0,e.f, p) = Some([h}, 1), [chi,cha], I, s) then the
chunk ch; was removed from /5 to create 1} and ch, was removed from &, to
create h}. Listing 5.5 shows the rule of consume-ext’ for the acc(e.f, p) case.
The main difference to consume-ext is that it and the continuation have an
additional input of type List[chunk], which is the explicitly computed and
recorded footprint. Here ch[—1] means the last element of the list ch which
is the chunk we removed from the heap of the state in which we want to
package the wand. ch[—1] is part of the footprint and must therefore be
recorded. consume-ext’ for all other assertions is the same as consume-ext
but we give the footprint unchanged to the continuation.

5.5 Combining footprint and dfg to fixed set

Now that we have the dfg and the footprint per branch, we can compute
which heap locations are fixed in this branch. First, we know every heap
location which is contained in the footprint of all branches is fixed as of
theorem 4.4.1. Listing 5.6 shows the function to compute this set of heap
locations. The first input is the path condition which we need to check the
equality of the symbolic references ¢’ and ¢}, (line 5). The second input is a list
of footprints which will contain the footprints of all branches. The function
fixedByFootprints returns all heap locations for which all footprints have
a corresponding chunk.

Now we can combine the information from the dfg and the heap locations
fixed by the footprint to compute the overall fixed set of heap locations of a
branch. Listing 5.7 shows the implementation of the algorithm to compute
this fixed set of heap locations. The first input is the path condition which
we need to check the equality of two symbols of a reference. The second is
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5.5. Combining footprint and dfg to fixed set

fixedByFootprints: IT — List[List[chunck]||] — Set[(Symbol,1d)]

fixedByFootprints(r, footprints) =
{(¢,f) | 3f(e;s,p) € footprints[0] where Vfp € footprints
3f(eh;s2,p2) € fp- check(m,ef =€ Apr>0)}

Listing 5.6: Function to compute the heap locations fixed by the footprints. If the chunk f(#;s, p)
is an element of a footprint this means that at heap location t'.f a value is stored with symbolic
value s and with permission amount p . Check is a call to the SMT solver, which takes two
inputs path conditions and a condition to be checked. It returns true if the path conditions implie
that the condition to be checked is true.

dfgToFixSet: IT — Set[(Symbol, Id)] — List[(Set[(Symbol, Id)], (Symbol, Id)]
— Set[(Symbol, Id)]

dfgToFixSet(r, fixedsety,dfg) =
dfgr:=A{
{(,¢) | (v,g) €s1 where A(2,g) € fixedset;-check(rr,y’ =z2')}, (¥, f))
| (51, (%", f)) €dfgr}
fixedsety := {(x, f) | (s1,(x,f)) € dfg, where s; = D}
Afgs = (51, (<, 7)) | (s1,(+',1)) € dfgs where s £ O}
if fixedset; == {}
then fixedset;
else dfgToFixSet(r, fixedsety, dfgs) + fixedset;

Listing 5.7: Recursive computation of the complete set of fixed heap locations given a dfg and
an initial set of fixed heap locations. It is based on the ideas of Section 4.4.1.

a set of heap locations for which we know that they are fixed. The third is
the dfg. Recall that if (s, (x/, f)) is in the dfg then the heap location (x’, f) is
fixed if all heap locations in s are fixed. The way the algorithm works is the
following: dfg» is created by removing from the first element of the tuples in
dfg; all heap locations which are proven to be equal to some heap location
in fixedset; as they are now known to be fixed. So only the remaining heap
locations of the first element of the tuples need to be fixed to fix the second
element. Then we go over the tuples in dfg, for all tuples where the first
element is the empty set we now know that the second element is a fixed
heap location as all its dependencies are fixed, and therefore we add it to
the fixedset,. This process is then repeated recursively until no more heap
locations can be fixed.
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1 exec(oy,package a1 — — *ay,Q) =

2 Sips += fresh

3 id := fresh

4 results = []

5 T 1= 01.7T

6 Oempty := O1{h := O,m := pc-push(oy.7,id, true)}

7 produce’ (Cempty, A1, Sins, D, (ACps, Af g

8 consume-ext’ ([oys.h, 1.1, [|, oms{h 1= @}, a2, (A, _], footprint, o,se4-
9 (cnds,bes) := (pc-segs(pc-after(o,gq.7t,id)))

10 results := results+: (bcs,dfg, footprint)

11 m := pc-add(7m, cnds)

12 Success()))

13 A(

14 sfhlsee := fixedByFootprints(o.7, [fp|(- — fp) € results])
15 resultsy := [(bes,dfgToSfhl(o.7,sfhlfoor, dfg), footprint)|
16 (bes,dfg, footprint) € results]

17 Success()

18 )

Listing 5.8: Intermediate state of the final algorithm. The blue parts are the parts added to
the original algorithm. In results the tuple of branch conditions, dfg and footprint is recorded
for each branch. In resultsy per branch the tuple of branch conditions, sfhl and footprint is
recorded.

5.6 Combination of the previous parts

In this Section, we will combine all the parts we looked at until now. List-
ing 5.8 shows an intermediate step towards the finished algorithm. It uses
the functions covered so far. It is important to understand that line 9 is
reached multiple times once for each branch created during produce’ and
consume-ext’. To join them we will store, for each branch, the branch con-
ditions (bcs), the dfg, and the footprint. The newly added lines 3, 5, and 11
are there such that we can record the branch conditions (bcs) and the branch
dependent path conditions (cnds) of the current branch. pc-push pushes
fresh identifier, created on line 3, onto the path conditions. pc-after returns
the path conditions after the identifier, which are in our case all path condi-
tions created during produce’ and consume-ext’. pc-segs returns a tuple
of branch dependent path conditions and branch conditions of its input path
conditions. Since the input to pc-segs are the path conditions after id, bcs
represent the branch condition over which the current branch branched dur-
ing produce’ and consume-ext’. Likewise, conds are the branch-dependent
path conditions during produce’ and consume-ext’. It is important to
record them as they hold information about the structure of sj;;, which could
be different on each branch, so we have to record it for each branch. The dfg
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5.7. Combining fixed sets

combineFixedSets: IT — List[Set[(Symbol,1d)|] — Set[(Symbol, Id)]

combineFixedSets(r,[]) = {}
combineFixedSets(7, (fs: fixedSets)) =
{(t,f) | (t,f) € fs where
Vfs' € fixedSets 3(V, f) € fs'- check(m, t =1))}

Listing 5.9: Function to combine the fixed sets. check is again a call to the SMT solver.

and footprint, given to produce’ and consume-ext’ as input, are initially
empty; therefore, produce’ and consume-ext’ have the empty set and the
empty list as additional input compared to produce and consume-ext. The
computed dfg and footprint by produce’ and consume-ext’ are, together
with the bcs, added to results. If all branches reach line 12 then the first
part of the algorithm succeeds. Afterward lines 13-17 are executed. On line
14 the set of heap locations which is fixed by the footprints is computed,
which is then used on line 15 to compute a new results; list where the tuple
of bces, sthl, and footprint of each branch is stored.

Let us summarize what we have seen so far. We have augmented the current
algorithm such that it records for each branch it creates during produce’
and consume-ext’ the branch conditions, the set of fixed heap locations and
the chunks needed from the outside heap. The next steps are combining the
fixed sets per branch to the set of all fixed heap locations for the whole wand.
Then use this new fixed set to figure out which branch conditions are not
fixed and have therefore to be replaced by the union of both branches.

5.7 Combining fixed sets

Now that we have the fixed set of all branches we can combine them with
the function described in Listing 5.9. The function will take path conditions
and a list of all the fixed sets and combines them by checking which heap
locations are contained in all fixed sets. If the list of fixed sets is the empty

list then the fixed set should also be the empty set (this is covered by line 3).

If there is at least one set in the list then the resulting set contains all heap
locations which are contained in all sets of the list. Two heap locations are
equal if the field id is the same, and we can prove using the path condition
that also the references are equal.
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fixedHeapLocationsToNotFixedSymbols: II — Heap
— Set[(Symbol, Id)] — Set[Symbol]

fixedHeapLocationsToNotFixedSymbols(rt, h, fixed HeapLocations) =
{s | 3f(t;s,p) € h B(t, f) € fixedHeapLocations - check(r,t = t')}

Listing 5.10: Function to find the not fixed symbols given the not fixed heap locations. Remember
that if the chunk f(#;s,p) is in the heap, then the heap stores the symbolic value s at location
t'.f with permission amount p.

5.8 Compute not fixed symbols given fixed heap lo-
cations

Now we have the set of all heap locations, but what we need are the symbolic
values stored at the not fixed heap locations, as these are the ones that could
change between packaging and applying. This is done by the function de-
scribed in Listing 5.10. fixedHeapLocationsToNotFixedSymbols computes
the set of not fixed symbols given path conditions, a heap, and a set of fixed
heap locations. If there is a chunk f(#;s, p) in the heap and there is no tuple
(t, f) in the set of fixed heap locations for which given the path conditions
we can prove that ' = t then the chunk corresponds to a possible not fixed
heap location and therefor s has to be in the set of possible not fixed symbols.
Note that check is a query to the SMT solver which might be imprecise, but
this is not a soundness problem as every symbol corresponding to a not-fixed
heap location is definitely in the set. The heaps given as input to this function
will be the outside heap and the heap created by the produce’ of the wand’s
left-hand side as these are the only heaps accessed during the algorithm.

5.9 Joining the footprints

The next step is to join the footprints of all branches into one correct footprint
for the whole wand. First of all, in Silicon, there is no direct way to express
a conditional heap. What is meant by that is that we cannot express in a
simple way the following: If cond; holds then the heap is h; and if cond,
holds then the heap is h;. What we have to do instead is create a heap
where we put the condition into the permission amount. An example would
be to express if b is true then the heap is (f(x;s1,1/2),8(y;s2,1/2)) and
otherwise the heap is f(x;s1,1). This can be represented in Silicon by the
heap (f(x;s1,0?1/2:1),8(y;s2,0b?1/2:0)).

If we now want to join the footprints of two branches there are two cases:
One where we know that the branch condition is fixed, in this case, we
can create a conditional footprint as described above. The other case is
when we do not know that the condition is fixed. As discussed before,



5.10. Unfixedness in the permission amount

we then have to take an upper bound of both footprints. One way to
do this is that for each heap location we take the maximum permission
amount of both footprints. If for example, b were a not-fixed symbol,
(f(x;51,1/2),8(y;52,1/2)) would be the footprint of the branch with branch
condition b and f(x;s1,1) the one with branch condition —b then the joined
footprint would be (f(x;s1, max(1/2,1)),8(y; s2, max(1/2,0))).

This joining of the footprints is done by the function joinFootprints in
Listing 5.11. The joining is done recursively. Lines 4 to 9 are for the base
case where we do not have any branch conditions and only one footprint. In
that case, we combine all chunks to the same heap location into one chunk
by summing up all their permission amounts and return the resulting list
of chunks. Now for the non-base case if there is at least one branch condi-
tion left we extract, on line 13, the top-level branch condition (tlbc). Then
we split the conditional Footprints into two new ones: One for the branches
where tlbc is true and one where it is false. The tlbc is also removed from
the bces, such that the next recursion level splits the conditional Footprints
on the next branch condition. Then the joined footprints of the two new
conditional Footprints are computed recursively. On lines 26 to 29, we then
decide whether we join the permissions amount with t/bc?p; : p> or with
max(p1, p2). We have to take the latter if some symbol contained in tlbc is a
not fixed symbol in one of the branches because then it could be that t/bc is
a not fixed expression and therefore t/bc could change between packaging
and applying. Otherwise, we can take t/bc?p; : py as the merged permission
amount. The function symbols() on line 27 returns all symbols contained in
the input term. The two footprints are then joined using the joinChunks
method with the before computed join function. The joinChunks function
joins two lists of chunks if there is a chunk with the same reference and same
tield identifier in both lists then the resulting list has a chunk with the same
reference and field identifier and the permission amount is the permission
amount of the original chunks combined using the joinFunction. If one list
contains a chunk where there is no corresponding chunk in the other list
then it is treated as if there was one just with permission amount 0.

On lines 6 and 41 we check for the existence of chunks with the exact same
symbol as reference. This check does not involve the SMT solver. This is due
to soundness reasons, but it might lead to incompleteness due to aliasing.

5.10 Unfixedness in the permission amount

Besides the branch conditions, there is one other place where the not fixed
expression could appear, namely in the permission amount. For example, if
the footprint computed by the current algorithm is acc(a.f, x.f?1/2 : 1)
and x.f is not fixed, the new algorithm should make the footprint to
acc(a.f,max(1/2,1)). But we cannot just replace all occurrences of e?p; : p»
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joinFootprints: List[(List[Term]|, List[chunk], Set|Symbol])]
— List[chunk]

joinFootprints(([], footprint,_) : []) =
foldl (Achunks, f(x;s1,p1)-
if 3f(x;s2, p2) € chunks
then chunks — f(x;s2, p2) + f(x;52, p2 + p1)
else chunks+ f(x;s1,p1)

) [ footprint

joinFootprints(conditional Footprints) =
tlbc := conditional Footprints[0][0][0]

conditional Footprintsyy,. := [(bes, footprint, notFixedSymbols) |
((t1bcy : bes), footprint, notFixedSymbols) €
conditional Footprints where tlbcy = tlbc]

conditional Footprints_yy,. := [(bes, footprint, notFixedSymbols) |
((tlbcy : bes), footprint, notFixedSymbols) €
conditional Footprints where tlbcy # tlbc]

joinedFootprintyy. :=joinFootprints(conditional Footprintsy.)
joinedFootprint . :=joinFootprints(conditional Footprints_ )

joinFunction :=
If Vs € symbols(tlbc) V(_, _, notFixedSymbols) € conditional Footprints-
s & notFixedSymbols then (Aty,t - tlbc?ty : 1)
else (Aty, tr - max(ty, tz))

joinChunks(joinFunction, joinedFootprinty., joined Footprint_yp.)

joinChunks: (Term — Term — Term) — List[chunk]
— List[chunk] — List[chunk]

joinChunks(joinFunction, [|, chunks) =
[f(x;s, joinFunction(0, p))|f(x;s, p) € chunks]

joinChunks(joinFunction, (f(x;s1, p1) : chunksy), chunksy) =
if 3f(x;s2, p2) € chunksy
then f(x;s,joinFunction(pi, p2))+:
joinChunks(joinFunction, chunksy, chunksy — f(x;s2, p2))
else f(x;s,joinFunction(p,0))+:
joinChunks(joinFunction, chunksy, chunks;)

Listing 5.11: Rekursive function to join the footprints. The top-level branch condition flbc is the
branch condition of the oldest branch. conditional Footprints is spilt into two new conditional
footprints: One for the footprints where tlbc was assumed to be true and one where it was
assumed to be false. For both a non conditional footprint is computed recursively. The function
joinChunks is used to join the chunks of exactly two footprints with a given join function. The
join function is chosen depending on whether the expression over which is branched is fixed or
not.
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5.11. Removing footprint

joinFootprints(([], footprint, notFixedSymbols) : []) =
foldl (Achunks, f(x;s1,p1)-
p} == maximumWhenNotFixedRemoved(p;, notFixedSymbols)
if 3f(x;s2,p2) € chunks
then chunks — f(x;s2, p2) + f(x;52, p2 + p})
else chunks+ f(x;s1,p})

) [ footprint

Listing 5.12: Augmented base case of joinFootprints replacing lines 4 to 9 in Listing 5.11.
The function maximumWhenNotFixedRemoved returns the maximal possible permission amount
of py if the notFixedSymbols are removed.

with max(p1, p2) as, for example, in acc(a.f, —(x.f? —1/2: —1))

x.f? —1/2: —1 has to be replaced by min(—1/2,—1) if x.f is not fixed to ob-
tain the maximum possible value. To account for the occurrence of not fixed
symbols in the permission amount the base case of the joinFootprints func-
tion, lines 4 to 9, has to be changed. Listing 5.12 shows the augmented base
case. Here, maximumWhenNotFixedRemoved: Term — List[Symbols| — Term
is a function which replaces e?p; : py, if e is determined to be not fixed given
the notFixedSymbols, appropriately with max(p1, p2) and min(p1, p2) such
that it is the maximum possible value. For the above examples it would be
max(1/2,1) and —min(—1/2, —1) respectively.

5.11 Removing footprint

The last step that remains is removing the computed joined footprint from
the initial heap. In the current algorithm, this was done implicitly in each
branch. But now we have to do this explicitly. The function for that is shown
in Listing 5.13.

It takes as the arguments a heap and a footprint and returns a heap where the
footprint is removed. The function goes through the footprint chunk by chunk
and finds a chunk in the heap with the same id and same reference. And then
updates the heap chunk by removing the permissions amount equivalent to
the permissions amount of the corresponding footprint chunk. If no such
chunk is found, which should never happen as chunks in the footprint were
originally part of the original heap, there is an error. Let us look at an
example. Let the heap be I : f(x;s1,1/2),4(x;52,1/1) and the footprint foot :
g(x;_,1/2), f(x;_,max(1/2,r)). The result of heapRemFootprint (%, foot)
will be f(x;s1,1/2 —max(1/2,7)),g(x;s2,1/2).
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heapRemFootprint: H — List[chunck| — H

heapRemFootprint: (h,[]) = h
heapRemFootprint: (h, f(x;s1,p1) : chs) =
W = 1if 3f(x;s0,p2) €h
then h — f(x;s0,p2) + f(x;52, p2 — p1)
else error
heapRemFootprint (%, chs)

Listing 5.13: Function to remove a footprint from a heap. On line 5 we check for the existence
of chunks with the exact same symbol as reference and field id. This check does not involve
the SMT solver. This is due to soundness reasons, but it might lead to incompleteness due to
aliasing.

5.12 Combine everything

Now everything is ready to be combined into the final algorithm. This final
algorithm is shown in Listing 5.14. Line 22 to 24 computes the per branch not
fixed symbols. Line 26 then combines the branch conditions, the footprint,
and the not fixed symbols set of all branches into the final footprint. The
footprint is then on line 27 removed from the original heap. The continuation
is then executed with a heap where the footprint is removed and a chunk for
the wand is added to the original heap. Therefore, trading the footprint for
the magic wand. As the path conditions, we use 71 as they are the one from
o1 plus the branch dependent path conditions, which are important as they
store the information about the structure of sjy;.



5.12. Combine everything

exec(oy,package a; — — *ay,Q) =
Let idygnq(¢’) be a magic wand chunk identifier
corresponding to a; — — *xap
wandChunk := idya,4(€’)
sis := fresh
id := fresh
results; := []
7T = 01.7T
Oempty += 01{h = @, := pc-push(cy.7,id, true)}
produce’ (Cempty, a1, Sins, D, (Aoips, Af 8-

consume-ext’ ([oys.h, 1.0, [|, ops{h 1= @}, a2, (AL, _], footprint, 0yseq, -

fixedset; := fixedByFootprint(o,s.,.7t, footprint)
fixedset, := dfgToFixSet(0s4.7, fixedset1, dfg)
(cnds,bes) := (pc-segs(pc-after(o,sq.7t,id)))

results := results+: (bcs, fixedsety, footprint, oy.h + Oyys.h, 0yy5eq)

1, :=pc-add(7ry, cnds)
Success()))

sfhloor := fixedByFootprints(c.m, [fp|(- _ fp,— ) € results])
resultsy := [(bcs,dngothl(o.n,sfhlfoot,dfg),footprint,h,ar)]
(bes,dfg, footprint, h,o,) € results|

resultss := [(bcs,, footprint,,
fixedHeapLocationsToNotFixedSymbols(o;.7, h,, fixedset,))
|(besy, fixedset,, footprint,, hy,0,) € resulty]

footprint := joinFootprints(resultss)
h' := heapRemFootprint(cy.h, footprint)
Q(o1{m := 71, h :=heap-add(h’, wandChunk)}))

Listing 5.14: Complete algorithm. The blue part is everything added since listing 5.8. In resultss
the tuple of branch conditions, footprint, and the set of not fixed symbols is recorded for each
branch. joinFootprints is used to compute the final footprint. The footprint is removed from
the heap of the state in which we package the wand to create /. The heap we give to the
continuation is i/ plus a chunk which represents the packaged wand.
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Chapter 6

Conclusion

In this thesis, we have presented a sound package algorithm for a symbolic
execution based verifier. The algorithm is based on the current package
algorithm and the notion of fixed expressions. We have reasoned about its
soundness, and we have given symbolic execution rules for the algorithm.

The current algorithm makes assumptions that some heap dependent expres-
sions do not change their values between packaging and applying the wand.
These assumptions are sometimes unjustified. To categorize expressions that
do not change their value between packaging and applying a wand, we
introduced the notion of a fixed expression. As it is hard to find the exact set
of expressions that are fixed we syntactically over approximated the set of
tixed expressions. The new algorithm then assumes that a heap expression
does not change its value between packaging and applying the wand only if
the expression is in the over approximation of the set of fixed expressions.

6.1 Future work

As this thesis only provides the symbolic execution rules for a package algo-
rithm one next step would be to implement it in Silicon. The algorithm then
needs to be evaluated with respect to completeness and performance. If the
package algorithm is not precise enough for common magic wands or the
newly introduced overhead in performance is too high, the algorithm might
need to be refined. One bottleneck of the algorithm described in Section 4.6
is the syntactic approximation of the set of fixed heap locations. There might
be a way to use a semantic overapproximation instead of a syntactical one or
to refine the existing one.

As this thesis only covers a subset of the Viper language a next step should
also be to use the idea of the thesis for the rest of the language. Most notable
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6. CONCLUSION

are predicates, proof scripts, nested wands, and quantified permissions. We
think that the first two are easy to support, but for the latter two, the ideas of
the thesis have to be extended.
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