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Abstract

The paper focuses on stack inspection, the access control mechanism
implemented in Java and the CLR. We introduce a static analysis which
safely approximates the set of access rights granted to code at run-time.
This analysis provides us with the basis to reduce the run-time overhead of
stack inspection, also in combination with other program transformations.

1 Introduction

The growing use of network technologies in distributed computing has made
security critical in the design, development and distribution of applications.
Indeed, both final users and application designers put special emphasis on se-
curity issues. For final users, the awareness of security mechanisms is crucial
for choosing the best network services that match their requirements. Design-
ers wish to control resource usage and access in order to ensure and maintain
adequate security levels. Designing and implementing security policies at the
programming language level help in handling security [22]. Here, we consider
an authorization-based model where a security policy is enforced by inserting
appropriate checks in a program.

Java is perhaps the most well-known example of a language with a com-
prehensive architecture offering linguistic constructs for security. Java applica-
tions run components with different levels of trust, e.g. components originated
from different, possibly unknown, administration domains. In the Java secu-
rity model, access control decisions are taken by examining the call stack at
run-time. A permission is granted, provided that it belongs to all principals
on the call stack. The so-called privileged operations are an exception. These
are allowed to execute any code granted to their principal, regardless of the
calling sequence. This access control mechanism is known as stack inspection.
Beyond Java, other run-time environments (e.g. the NET Common Language
Runtime [18]) adopt stack inspection as basic authorization mechanism.

Stack inspection may be expensive. First, the run-time overhead due to the
analysis of stack frames may grow very high. Second, stack inspection deeply
affects standard program transformations, such as method inlining and tail call

*The first two authors have been partially supported by EU project DEGAS (IST-2001-
32072) and MIUR project MEFISTO. The third author has been partially supported by MIUR
project NAPOLI and FET project PROFUNDIS (IST-2001-33100)



elimination. These optimizations may in fact alter the structure of the call
stack. Hence, understanding the semantics of program transformations in a
setting with stack inspection is a research (and technological) challenge.

Our contribution aims at developing semantic-driven mechanisms as an aid
to improve efficiency of architectures for language-based security. The problem
we face is not merely ensuring that certain program transformations preserve
program semantics, but also to guarantee that the optimized code is security
safe, that is, the optimized code will never violate the security constraints.

We build over control flow analysis [19], the main goal of which is to efficiently
obtain computable approximations of the set of values or behaviours that may
arise during the execution of a program. These approximations are then used to
analyze program properties in a safe way: if a property holds at static time, then
it will always hold at run-time. The vice-versa may not be true: the analysis
may “err on the safe side”.

In this paper, we represent Java programs by control flow graphs, an idealized
model not tied to any particular language. Control flow graphs feature primitive
constructs for method invocations, exceptions, and access control based on stack
inspection. These graphs are equipped with a formal operational semantics.

Our first contribution is the definition of a static analysis over control flow
graphs, called Trace Permissions Analysis (TP analysis for short). Intuitively,
this analysis computes, for each program point and each execution reaching that
point, the set of permissions granted at run-time. The TP analysis is sound and
complete with respect to the operational semantics of our idealized language,
i.e. it computes all and only the permissions that are granted at run-time.

However, the execution traces of control flow graphs over-approximate the
traces of the Java code they are extracted from. Therefore, if a permission is
granted to an execution in a control flow graph, then it will also be granted to
the corresponding execution — if any — of the Java code. In this sense we mean
that our analysis is safe.

The ability of identifying statically the set of permissions granted at run-time
offers a support for security-aware code optimizations. As a first application,
we detect and remove the redundant checks in a program, i.e. the checks which
always pass. Dead code elimination is a program optimization which detects and
removes the code unused or unreached in executions. Security restrictions may
cause more fragments of code to become unreachable, e.g. because a security
check protecting it is never passed. Our technique permits to discard such dead
code in the linking phase. We also cope with method inlining, an optimization
that replaces a method invocation with a copy of the called method code. In
presence of stack inspection, method inlining may break security, because the
protection domain of the inlined method is ignored. The TP analysis provides
us with the basis to efficiently construct the set of method invocations which
can be safely inlined. Our analysis also allows for fast implementations of stack
inspection based on an (hyper-) eager strategy.

The paper is organized as follows. The next section surveys the Java security
model. Section 3 introduces our program model and its operational semantics;
the adequacy of our model is discussed in Section 7. Our static analysis is in
Section 4. Section 5 presents the secure program transformations. As an exam-
ple, we analyze in Section 6 a small e-commerce application. All the proofs, the
Java code of our example and the actual algorithm implementing our analysis
are in the Appendixes.



2 Background on Java security

The Java language advocates code mobility: bytecode may come from different
places, either trusted (e.g. files on the local disk) or untrusted (e.g. applets
downloaded across the network). Java provides a customizable environment,
called the sandbox, in which code is placed: the sandbox prevents untrusted code
from performing security-critical operations, according to a fine-grained policy.

The class loader architecture brings bytecode from the outside into the JVM,
so it is the first line of defense against security attacks, for the following reasons:

e it enforces name space separation of the loaded classes. Roughly, classes
downloaded by different sources are placed into different name spaces.
This mechanism constitutes a main contribution to the security of the Java
platform. First, since duplicated class names are forbidden within a name
space, a malicious class cannot pretend to be a system class. Second, since
classes belonging to different name spaces cannot even detect each other’s
presence (unless class loaders explicitly allow them to), programmers are
relieved from worries about class name collisions.

e it assigns each loaded class to a protection domain [12], based on the class
signers and location origin. Each protection domain is in turn associated
with a set of permissions, according to a global security policy.

A verification step is performed on each loaded class before linking it to the
rest of the system. This task is accomplished by the bytecode verifier, which
statically analyses the bytecode, to guarantee that it satisfies some safety prop-
erties, e.g. (1) access to classes, methods and variables is done according to their
respective visibility rules (access modifiers); (2) methods are invoked with the
correct number and types of arguments.

While both the class loader and the bytecode verifier are mainly concerned
with the safety facet of security, the security manager more directly addresses
the problem of protecting critical resources from leakage and tampering threats.
This is done by invoking the access controller before the security-critical meth-
ods of the protected resource are called.

The security policy is enforced by the access controller each time the method
checkPermission() is invoked. The access controller decides whether granting
access to the protected resource or not by performing stack inspection [11].

Stack inspection checks the sequence of method invocations. Each method
in the sequence belongs to a class, which in turn belongs to a protection domain.
A resource access is granted if and only if all protection domains in the sequence
have the required permission. This mechanism is slightly complicated by the
presence of privileged actions. Technically speaking, a method M performs a
privileged action A by invoking AccessController.doPrivileged(A); this in-
volves invoking method A.run() with all the permissions of M enabled. This
can be seen as marking the method frame of M as privileged: stack inspection
will then stop as soon as a privileged frame (starting from top) is found.

There are at least two strategies for implementing this algorithm:

e the eager evaluation strategy states that the set of effective permissions is
updated at each method call (and return).

e in the lazy evaluation strategy, the call stack is retrieved and inspected
only when access control is performed.



3 The program model

The stack inspection mechanism implements access control by looking solely into
the call stack: then, we base our analyses on an abstraction of object-oriented
languages that only takes into account security checks, method invocations and
returns, and a very basic exception handling mechanism.

More precisely, we model a program as a control flow graph (CFG for short)
whose nodes represent the activities mentioned above (checks, method invoca-
tions and returns) and whose arcs represent the flow of control. We do not define
how CFGs are extracted from an actual program. This construction is well un-
derstood and algorithms and tools exist for it; see for example [13, 19, 26, 27].

By construction, CFGs hide any data flow information, and are therefore ap-
proximated; typically, the conditional construct is rendered as non-deterministic
choice. This approximation is safe, in the sense that any actual execution flow
is represented by a path in the CFG. However, the converse may not be true:
some paths may exist which do not correspond to any actual execution. For
instance, both branches of an “if” statement are represented, even in the cases
when the same branch is always taken at run-time.

There is a further source of approximation, especially for object-oriented lan-
guages with dynamic resolution of method invocations. In Java, for example,
when a program invokes an instance method on an object O, the virtual machine
may have to choose among various implementations of that method. The deci-
sion is not based on the declared type of O, but on the actual class O belongs
to, which is unpredictable at static time. To be safe, CFGs over-approximate
the set of methods that can be invoked at each program point. This is a main
source of approximation for the analyses built over CFGs.

3.1 Syntax

Let D be a finite set of protection domains, and P be a finite set of permissions.
CFGs are defined as follows.

Definition 3.1. A CFG (N U {n.}, FE,Priv,Dom) is an oriented graph, where:

e N is the set of nodes. Each node n € N is associated with a label
¢(n), describing the control flow primitive it represents. Labels parti-
tion nodes in three kinds: call nodes, that stand for method invoca-
tion, return nodes, which represent return from a method, and check
nodes, which enforce the access control policy. For each P € P, we
can think of a node labelled check(P) as the abstract representation of
an AccessController.checkPermission(P) instruction in the Java lan-
guage. The distinguished element n. ¢ N plays the technical role of a
single, isolated entry point.

o E C (NU{n.})xN is the set of edges. Edges are partitioned into four sets:
entry edges «— n, that represent the entry points of a program; call edges
n — n’, which model interprocedural flow; transfer edges n --+ n’, which
correspond to sequencing; and catch edges n --+;n’, which correspond to
exception handling. The last two kinds of edges represent intraprocedural
flow. The set of entry edges contains all pairs (ng,n) where n is a program
entry point. The n. element is the source of entry edges, only.



e Priv: N — Bool tells whether a node enables its privileges or not.
e Dom : N — D is a mapping from nodes to protection domains.

When unambiguous, we shall write (N, E') instead of (NU{n.}, E, Priv, Dom).

Each CFG is associated with a security policy Perm : D — 27, which grants
a set of permissions to each protection domain. Hereafter, we will always ab-
breviate Perm(Dom(n)) with Perm(n).

It is convenient to introduce some terminology and notation.

Definition 3.2. The methods of a CFG (N, E) are the connected components
of the graph (N, E’), where E’ is the set of intraprocedural edges in E, with
no orientation. We call p(n) the method to which node n belongs. The entry
points of u(n) are defined as:

e(u(n)) = {n €eun)|e—n"vImeNm—n}
Definition 3.3. The set p(n) of return nodes associated to a node n is:
p(n) = {meN|£lm)=return A n — e(u(m)) }

Definition 3.4. The set £(n) of nodes that may throw an exception catchable
by n is defined as the smallest set satisfying:

) = {{n} if £(n) = check(P)

{&)) | n — e(u(n)) A n' /-+ } otherwise
The set &1 (n) of nodes that may propagate an exception to n is defined as:

&i(n) = {n'[n—eu®)) An' 7 NE)#0}

Our CFGs obey some mild well-formedness constraints to reflect more ap-
propriately some peculiarities of Java-like bytecode, as shown below. Therefore,
in what follows we shall always assume that CFGs are well-formed.

Constraint 1. It makes little sense breaking a check in several parts, or merging
it with other activities, e.g., with a method call. Therefore, all and only the code
of a checkPermission method is represented as a single check node. Formally,
check nodes do not admit outgoing call edges:

{(n) = check(P) = I’ eN.n—n
Constraint 2. Return nodes have no outgoing edges:
{(n)=return = —In’ € N.(n,n')€FE

Return nodes model exit points of methods, e.g. the ireturn and areturn in-
structions. They cannot have outgoing call edges, because this kind of flow only
originates from method invocations (e.g. from invokevirtual or invokespecial
instructions). Return nodes cannot have outgoing transfer or catch edges, ei-
ther, as such edges only represent intraprocedural flow. Then, this constraint is
satisfied by any CFG derived from actual Java bytecode.



Constraint 3. Each method has a single entry point, i.e. for each n € N:

le(un)| = 1

Upon method invocation, the virtual machine creates a new stack frame for the
called method, and sets the program counter to the first instruction in the new
frame: this instruction is just the entry point of the called method. After this
constraint, we abbreviate n — e(u(m)) with n — u(m).

Constraint 4. Nodes in the same method are in the same protection domain:
u(n) =p(n') = Dom(n) = Dom(n’)

Indeed, in Java the granularity of a security policy is the class level: classes in
the same code source are in the same protection domain.

Constraint 5. Only call nodes can be privileged:
Priv(n) = {(n)=call

In general, also security checks can occur within privileged actions: however,
privileged check nodes make little sense, because it is always possible to deter-
mine whether a privileged check will succeed or not, during the construction
of the CFG. Similarly, there is no point in enabling returns to be privileged,
because a return node will never be on the call stack when inspecting it. As
a matter of fact, constraint 5 can easily be removed, at the price of a slightly
more involved analysis.

A more detailed discussion on the adequacy of our proposal, along with some
hints on possible extensions, is in Section 7.

Example 1. We use the CFG in Fig. 1 as a working example through the
paper. Circled calls are privileged. Solid boxes enclose nodes belonging to the
same methods, and they are labelled with the protection domain to which the
enclosed method belongs. Table 1 displays the methods, their entry points,
the return nodes, the nodes that may throw exceptions and those that may
propagate them, according to definitions 3.2, 3.3 and 3.4.

n p(n) e(p(n)) p(n) ¢(n) &i1(n)
no {no} {no} {na} {ns} {ns}
n {n1} {na} {na} {ns} {ns}
na {n2,n3,na} {n2} {ns} {ne,ns} {ns,ne}
ns {n2,n3,na} {n2} 0 {ns} 0
N4 {n2,n3,n4} {n2} 0 0 0
ns {ns,ne,n7} {ns} {no} {ns} {ns}
ne {ns,ne,n7} {ns} 0 {ne} 0
ny {ns,ne,n7} {ns} 0 0 0
ng {ns,no} {ns} 0 {ns} 0
ng {ng,no} {ns} 0 0 0

Table 1: Methods, return nodes and exceptions for the CFG in Fig. 1



Do ; D, ; [ D | Pem(D) |
Do Po, Py
@ " ni: call D, Py, Py
—T Dy Po, P, P
D3 Po
DQ\\ / Do Ds
ng: call > ns: call » ng: check(F))
A Y ‘
ng: check(P) ng: check(P;) :
A s Y \
n4: return nr: return ng: return
Figure 1: A CFG and its security policy.
—n l(n) =call n—n' f(m) =return n--» n'
—— [[>ent7'y] ; [[> call] ; [[>7'et]
[l > [n] c:nb>o:n:n c:n:mb>o:n
l(n) = check(P) o:nkP n--»n {(n) = check(P) o:nl/P
; (&> pass] (> fai]
c:npo:n oc:np>o:ng
— 0 oy
- [D catch] - [D throw]
c:ngb>o:n o:n§y>oy
P € Perm(n) o+ P P € Perm(n) Priv(n)
1] -2 (]
[P c:ntkP oc:ntE P

Table 2: Operational semantics of CFGs.

3.2 Semantics

The operational semantics of CFGs is defined by a transition system whose
configurations are sequences of nodes, modeling call stacks. Additionally, each
state has a boolean tag which tells whether an exception is active, i.e. thrown
and not caught yet. Formally, we define the set of states as N* x Bool.

If no exception is active, a state is represented as sequence of nodes enclosed
in square brackets: for example, ¢ = [ng,...,ng] is a state whose top node is
ng. If an exception is active, we append the symbol 4 to the sequence of nodes,
i.e. o4 abbreviates (o, true). Pushing a node n on a stack o is written as o : n
(the infix operator : associates to the left).

The transition relation > between states is the minimal relation induced by
the inference rules in Table 2. A trace of G leading to (o, xy) is a derivation
(00,20) > -+ > (ok,2k) where o9 = [] and z9 = false. By overloading the



notation, we also denote with > the relation:
G (o,z) (o,z)>(c/ 2
G > ([], false) G (o/,2))

stating when there is a trace of G which can lead to a given state. We say that
a node n is reachable iff (o : n,x) is a reachable configuration.

In our formalization, we use a slightly simplified version of the full access
control algorithm presented in [11]. A discussion of the differences between the
two models is in Section 7.

The simplified algorithm scans the call stack top-down. Each frame in the
stack refers to the protection domain containing the class to which the called
method belongs. As soon as a frame is found whose protection domain has not
the required permission, an AccessControlException is raised. The algorithm
succeeds when a privileged frame is found that carries the required permission,
or when all frames have been visited. We formally specify this behavior by the
minimal relation induced by the inference rules for - in Table 2. We say that a
permission P is granted to a state o if o - P.

Example 2. The following traces illustrate the behaviour of the CFG in Fig. 1.
We also show that a check on a permission P is passed by writing - P and t/ P
otherwise. The state o in (b) and (¢) can be any sequence of alternating ng and
n1, ending in n;.

(a) [] > [n1] > [n1,n2] > [n1,n2,ns] > [n1,n2,n5,n8] I Po (because Py ¢ Perm(n1))
> [n1,n2, ns, ngld > [n1,n2,nsl4 D [n1,n2)g > [n1,n3] b Pa D> [, n4l

(b) [[>Do:ngD>o:ng:na>o:ing:nz:ns>o:ng:nz:ns:ngk Py
Do:ing:iNa:ins :ng>o:no:nz:ngEPiD>o:ng:n2:ns>0:ng: na

(¢) [[>-"D>o:ing:miD>o:ng:niina>0:ng:n1:Ng:ns
Do:ing:iniing:ns:ngt Po>o:ing:ni:ine:ns:nss
Do:mg:ni:ne:nsg>o:ng:n:nef>o:ing:n:nglf P

Do:ng:niinzi>oing:inig>oings>os>->[l4

4 The Trace Permissions Analysis

We introduce the Trace Permissions Analysis (TP), a static analysis over CFGs
which computes the access rights granted to each reachable state.

Since the set of permissions granted to a state is the intersection of the per-
missions associated to each protection domain traversed after the last privileged
frame (if any), we can identify the set { P € P | o - P } with the security context
I'(0), where I : N* — 2P is defined as follows:

B . J{Dom(n)} if Priv(n)
L =9 Flo:n)= {r(a) U{Dom(n)} otherwise

The set of permissions granted to a security context v is II(y) = [ p., Perm(D).
The permissions granted to the security context of a state o are exactly the
permissions granted to o, as established by the following:



TPam) = U TPou(m.n)

(m,n)EE

{{Dom(n)}} if e—n
TPyw(m,n) = {yU{Dom(n)} | v € T Peau(m) } ?f m—n

T Pirans(m ) ifm--—n

TPL(LtL}L if m —¥Hn

TPou(n) = {{Dom(n) if Priv(.n) and TPi,(n) # 0
T Pin(n) otherwise

{y€TPun(n)| Pell(y)} if £(n) = check(P)

T Pirans(n) = 4§ {v € TPu(n) | Trans(n, {Dom(n)})} if {(n) = call, Priv(n)
{~v € TPyn(n) | Trans(n,vy) } otherwise
{y€TPun(n)|P¢Il(y)} if £(n) = check(P)

TPearen(n) = {7+ € TPin(n) | Catch(n, {Dom(n)})} if £(n) = call, Priv(n)
{y € TPin(n) | Catch(n,v) } otherwise

Trans(n, ) Y gme p(n). yU{Dom(m)} € TP;(m)

Catch(n, ) Yo e &1(n). yU{Dom(m)} € T Peaten(m)

Table 3: Flow equations for the TP analysis.

Theorem 4.1. For alloc € N*, P € P:
cbkP <« Pecll(I'(0))

Given a CFG G and a security policy Perm, the analysis is specified by the
set of equations TP=(G, Perm) in Table 3. A solution 7 = TP=(G, Perm) is a
5-tuple T = (Tin, Tealls Ttrans, Teatchs Tout) Which satisfies all the equations. The
purpose of the analysis is to find, for each node n, the set of security contexts:

{IMo:n)|G>o0o:n}

The reason why we ask the TP analysis to compute security contexts — instead
of plain sets of permissions — is that the knowledge on which protection domains
have been visited is needed for some optimizations (e.g. for method inlining).

Technically, TP is a forward, monotone control flow analysis with values in
227 Since both G and D are finite, the least solution to the analysis does exist
and is finitely computable, e.g. through the worklist algorithm in Appendix A.

For each node n, edge (n,n’), and reachable state o : n, the analysis com-
prises the following sets:

e T;,(n) contains the context I'(o)U{Dom(n)}, which is equal to the context
of o : n if n is not privileged, and it is {Dom(n)} otherwise.

e T.q(n) contains the context of o : n, i.e. Tea(n) 2 I'(o : n).




e if 0 :n >0 : 1/, ie. the control of execution flows sequentially from n to
1/, then 7Tyrens(n) contains the context I'(o) U {Dom(n)}.

e ifo:nji>o:n' ie. anexception active at n is caught by n’, then 7.qzcn (n)
contains the context I'(o) U {Dom(n)}.

eif 0 : n>o : n:n, then Tou(n,n') contains 7.4 (n) U {Dom(n')}.

If o :n>o:n/, then 744 (n,n’) contains Tyans(n). If 0:ng >o :n’', then
Tout(n,n') containg Tegien (n).

The only equation for TPy, says that 7;,(n) consists of the union of the
contexts Tout(m,n) for each edge (m,n). When (m, n) represents interprocedu-
ral flow, then 7,,:(m,n) consists of the context at m, plus the context Dom(n)
(second equation for T'P,,;). Otherwise, 7,,:(m,n) comprises just the contexts
at m. The first equation for T P,y lifts to Dom(n) the context of n when n
is privileged. If n is a check for permission P, then Tyqns(n) contains all the
contexts in 7, (n) that pass the check (first equation for T Pyqpns). The pred-
icate Trans(n,<y) is true for all the contexts -y such that an execution starting
from n with context 7 can reach a return node in some method called by n.
If n is a privileged call, then T¢qns(n) equals to 74, (n) if Trans(n, {Dom(n)})
is true, otherwise it is empty (second equation for T Pirans). If n is not privi-
leged, then Tyqns(n) contains all the contexts v € 74, (n) such that Trans(n, )
is true (third equation for T Pi4,s). The predicate Catch(n,~) is true for all
the contexts « that suffice to reach some node m that can propagate an excep-
tion catchable by n. If n is a privileged call, then 7.4 (1) equals to 7, (n) if is
Catch(n, {Dom(n)}) is true, otherwise it is empty (second equation for T'Pegycp,)-
If n is not privileged, then T.4tcn(n) contains all the contexts v € 74, (n) such
that Catch(n,) is true (third equation for T'Pegtcr)-

The following theorem states the correctness of the TP analysis. The first
equation below states that any solution to the analysis is sound w.r.t. the op-
erational semantics. The second equation states that the least solution to the
analysis is also complete. This fact should not seem bizarre: indeed, complete-
ness is only up to the precision of the CFG, which is an approximated model of
the analyzed program.

Theorem 4.2. Let 7 = TP=(G, Perm). Then:
Gro:n = Iye€tqun).y=IT(c:n)
Moreover, the minimal solution w.r.t. the inclusion relation on 227 is such that:
v ETequ(n) = do.G>o:n A y=T(o:n)

The worklist algorithm in Appendix A which actually computes the (unique)
minimal solution to the analysis has computational complexity O(c - |[N|) =
O(|N|). The constant ¢ depends on the number of protection domains occur-
ring in G: in the worst case, ¢ = 231P¢l where Dg = Unen Dom(n). However,
the exponential factor only occurs when the number of protection domains is
proportional to the number of nodes. Actually, the number of protection do-
mains can be considered as a constant, because it depends on the security policy,
rather than on the size of the program (for more details, see Appendix A).
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Example 3. The least solution to the analysis for the CFG in Fig. 1 comprises:

Tm(N1) =  Tout(Ne,n1) U Tout(no, n1)
= {{Dom(n1)}} U{~yU{Dom(n1)} [y € Tecau(no) }
= {{D1}} U {{Dom(no), Dom(n1)}} = {{D1},{Do, D1}}
Tin(no) = Tout(ne, o) U Tout (N1, m0)
= {{Dom(no)}} U {~vU{Dom(no)} [ v € Tin(n1) } = {{Do},{Do, D1}}
(n2) = Tout(no,n2) UTour(ni,n2) = {{Do, D2},{D1, D2}, {Do, D1, D2}}
(ns) = {~vU{Dom(ns)} | v € Tin(n2) } = {{Do, D2},{Do, D1, D2}}
(ns) = {~vU{Dom(ns)} |~y € Tin(ns) } = {{Do, D2, Ds},{Do, D1, D2, D3}}
(ns) = A{v€rin(ns) | Po € ()} = {{Do, D2, Ds}}
(ns) = A{v€rin(ns) | Po ¢ ()} = {{Do, D1, D2, Ds}}
(no) = Terans(ns) = {{Do, D2, Ds}}
(ns) = {7 € Tin(ns) | Trans(ns,v) } = {{Do, D2}}
Teaten(ns) = {7 € Tin(ns) | Catch(ns,v) } = {{Do, D1, D2}}
(n6)
(n6) (
(n7)
(n2)
(ns)
(ns)
(na)

Tin(N2
Tin (15
Tin (T8
Ttrans (18
Tecatch (18
Tin

Ttrans (15

= Tians(ns) = {{Do, D2}}

= {v€Tin(ne) | Pr € () } = {{Do, D2}}

= Ttrans(ne) = {{Do, D2}}

= {v € Tin(n2) | Trans(nz,v) } = {{Do, D2}}

= Teaten(n2) = {7 € Tin(n2) | Catch(nz,v) } = {{D1, D2}, {Do, D1, D2}}
= {v€min(ns) | P2 € ()} = {{D1, D2}}

Ttrans(N2) U Terans (n3) = {{Do, D2}, {D1, D2}}

Tin
Ttrans (16
Tin (M7
Ttrans (12
Tin (M3

Ttrans (103

Tin (N4

A feature not discussed above concerns dynamic linking. This mechanism allows
a program to be extended on demand, e.g. with code downloaded from the
network. Our program model does not directly support this feature; however,
the TP analysis (though not in a fully compositional way) supports a form of
incremental computation (see [2] for details).

5 Program transformations

In this section we show that the TP analysis provides us with an effective basis
for several code optimizations. This is not a trivial task, because performing
interprocedural optimizations in presence of stack inspection may break security.
Indeed, stack inspection deeply relies on the structure of the call stack, which
may be altered by such optimizations.

5.1 Elimination of redundant checks

Our first application of the TP analysis is a code optimization which detects and
removes the redundant checks occurring in a program, i.e. those checks which
always pass, regardless of the execution trace.

The following theorem states conditions to recognize redundant checks, so
enabling the compiler to safely remove them from the code:
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Theorem 5.1. Let 7 |= TP=(G, Perm). For each node n, let II(n) be the set
of permissions (statically) granted to n:

I(n) = (V{HLO) |7 € Tean(n) }
If {(n) = check(P) and P € II(n), then n is redundant, i.e. for each 0 € N*:
Gro:n = o:nkEP

Actually, redundant checks can only be disabled in presence of dynamic
linking, because loading a new method may add new traces where the permission
is no longer granted. A similar situation also holds for the other optimizations
of (lazy) stack inspection considered below.

5.2 Dead code elimination

Dead code elimination is a program optimization which prevents the compiler
from generating bytecode for unreachable or useless pieces of code. Dead code
elimination reduces both the size of the generated bytecode and the total appli-
cation running time (e.g. when code has to be downloaded from the network).

The following theorem allows to detect (and remove) those pieces of code
which cannot be reached due to security restrictions:

Theorem 5.2. Let 7 = TP=(G, Perm). Then:

Teat(n) =0 = —-Jo.G>o:n

5.3 Method inlining

Method inlining is a general program optimization that replaces a method in-
vocation with a copy of the called method code. As a side effect, the protection
domain of the inlined method is ignored when performing stack inspection,
which then may become unsafe.

The TP analysis can be exploited to compute the set of method invocations
that can be safely inlined. Intuitively, a method invocation may be inlined if
the outcome of the security checks is not affected by ignoring the protection
domain of the inlined method.

We adopt the so-called original version inlining approach [15], which always
considers the original version of the callee and the current version of the caller
when performing inlinings. This can be obtained by duplicating the original
code of the inlined method.

Let n be the node candidate for inlining, and 7 — n’. We assume that
the method invocation represented by n can be statically dispatched, i.e. it has
exactly one callee, represented by p(n’).

The decision procedure, which tells whether or not the inlining of n is safe,
is outlined below. We first assign a fresh name to the protection domain of
wu(n'), without modifying its granted permissions. Assume that a solution 7 to
the TP analysis is available. We restart the worklist algorithm from 7, in order
to isolate the protection domain of p(n’) in the computed security contexts.
This allows for the definition of a function Inl, which simulates the effect of
method inlining on security contexts: given a context ~y, Inly(v) is obtained by
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substituting the protection domain of p(n’) for that of u(n). Each time a check
node n is reached, we ensure that for each context v € 7;,(n), v and Inl;(7)
agree on the permission P checked by n, i.e. P € II(y) <= P € II(Inl;(7)).

The inlining of 7 is safe if this holds for each check node reached during this
procedure. Note that it is possible to deal with the general case of virtual calls
with many callees: this only requires some more machinery (all the possible
callees must be inlined).

We formally specify in definition 5.3 when a method invocation can be safely
inlined. The condition (1a) guarantees static dispatching of 7, as well as that n
is not a recursive call (otherwise inlining makes little sense). The condition (1b)
rephrases the original version inlining approach. The condition (1c¢) ensures
that the protection domain of n is isolated. These conditions, apart from 7
being not recursive, can easily be satisfied, as noted above. The key condition
is (1d): it guarantees that the security checks passed after inlining are exactly
those passed before inlining.

Definition 5.3. We say that n — n' is inlineable in G iff, for each n € N:

n—mn = n=n" A né¢un) (1a)
n—n = n=n (1b)
n ¢ u(n’) = Dom(n) # Dom(n’) (1c)
£(n) = check(P) = Vy € 1in(n). P €Il(y) < P cIl(Inly(v)) (1d)

We say that 7 is inlineable iff there exists some n’ such that 7 — n’ is inlineable.

Next, we define the effect of the method inlining transformation on CFGs.
Instead of substituting n for p(n’) and adjusting the edges accordingly, we
equivalently operate on the semantics of the transformed CFG.

The effect of the inlining of n on states is specified by the function inl, in
Table 4. Given a state o, inl;, (o) is obtained by removing all the occurrences
of n in o (except when 7 is in top position).

The operational semantics of a CFG after the inlining of n is defined by the
transition relation ™ in Table 4. For instance, the rules Bjcqus and D jceus
state, respectively, that method invocation proceeds as usual when the calling
node is not n, otherwise n is removed from the call stack.

Definition 5.4. Let G be the CFG (N U{n.}, E, Privg, Domg). The n-inlined
version of G is the CFG G = (N U {n.}, E, Priv., Dom,), where:

Priva(n) — true if Privg(n) and n — p(n)
¢ ~ | Privg(n) otherwise

Doms(n) = Domg(n) if n — p(n)
¢ | Domg(n) otherwise

According to the above definitions, we may end up with privileged checks and
returns. We already pointed out that this would only require a more involved
definition of the TP analysis (see the discussion on constraint 5).

The following theorem states the correctness of method inlining: each trace
in the original CFG corresponds to a trace in the n-inlined version of the CFG.
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Table 4: Specification of method inlining.

Theorem 5.5. If 7 is inlineable in G and G is the n-inlined version of G, then:
(00,20) > -+ > (0%, k) — (60, 20) [>?nl [>?nl (Ok> k)

where ¢ = [], xo = false, and &; = inl;,(0;) for each i € 0..k.

5.4 Eager stack inspection

The eager evaluation strategy for stack inspection allows security checks to be
performed very efficiently; there is however an overhead at each cross-domain
method invocation (and return), because the security context must be keep
updated. Since security checks are statistically less frequent than cross-domain
calls, actual implementations of the JDK adopt the lazy strategy. However,
the eager strategy is still worth of consideration: indeed, in combination with
the security passing style of [29] it allows for interprocedural optimizations,
which are instead prevented by the lazy strategy. Actual implementations of
the eager evaluation strategy [30] have nevertheless showed worse performance
than implementations of the lazy strategy.

Our TP analysis helps in improving the performance of eager stack inspec-
tion. Below, we specify a novel implementation technique for it, which exploits
our analysis to efficiently update the security contexts.

We adopt the security passing style to track the security context as an ad-
ditional parameter of each method invocation. The type of this parameter is
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assumed to be one of the primitive integral types of the JVM (i.e. byte, short,
int and long); accordingly, its size (in bits) is then k € {8, 16,32, 64}.

Choose a set Dy = {D1,...,Di_1} C D of protection domains. If D has not
enough elements, add the needed ones, and assign them arbitrary permissions.

Given a CFG G and a security policy Perm, a solution to T P=(G, Perm) can
be used to enumerate the set {I'(c) | Gt o } of the reachable security contexts.
Let 70,...,7p be such an enumeration. Represent now a security context ; as
a k-bits array a; = (@0, .., k1), where:

o if v, € Dy, then a; 0 =0 and, for each j € 1.k — 1, oy ; = 1 iff D; € ;.
e otherwise, ;0 =1 and (@ 1,...,0; k—1) is the binary representation of .

Security contexts are updated at each method invocation and return. The
intuition is that 2P° contains the contexts that we expect to occur with high
probability in executions, and therefore require very efficient updating. These
contexts are represented as arrays of bits: the i-th bit is set iff the protection
domain D; has been traversed.

The contexts outside 27¢ are represented by their indexes in the enumera-
tion computed by the TP analysis. The transition function h between security
contexts is cached in a hash table; h is computed as a side effect when con-
structing a solution to the TP analysis. Formally, h(i,n,n') = j whenever v, is
the context of the state obtained when the control flows from n to n’, starting
from a state with context ;. There is no need to store the entries of h where
both «; and «; in 2Do,

Formally, the context updating operations are implemented as follows:

e on method invocation, let n be a call to u(n’) and the current security
context be ;. If 4, € Dy and Dom(n’) = D, then the new context is
0,01,..., ;1) V 28=9~1 (bitwise or). That is, a; ; is set to indicate
that D; has been traversed. Otherwise, the new context is au(j n,n/)-

e on method return, the context is retrieved from the popped call stack.

Security checks are performed by looking at the current context, instead of
inspecting the call stack. The intuition is that, for the contexts in 27, a check
for permission P; succeeds iff no protection domain D; with P; ¢ Perm(D;) has
been traversed.

More formally, let Pi,..., P, be the set of permissions checked in G. For
each j € 1..q, we define a k-bits array 8; = (0, 3j,1,..., Bjk-1) as follows:

ﬁ‘ o 0 if Pj S Perm(Dz)
o 1 otherwise

Let n be a check for permission P;, y; be the current context, and let n’
follow n sequentially. If ; C Dy, then the check succeeds iff a; A ,Bj =0
(bitwise and). Otherwise, the check succeeds iff h(i,n,n’) is defined.

Compared with the lazy evaluation strategy, our technique involves an over-
head at each method invocation: besides the cost of passing an additional pa-
rameter, we have to perform either a “bitwise or” operation (or a hash table
lookup). Security checks require a “bitwise and” (or a hash table lookup), and
are independent of the size of the call stack. As a matter of fact, a good choice of
the set Dy is crucial, and possibly requires a statistical estimate of the frequency
of contexts.
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6 An e-commerce example

To illustrate our analysis, we consider small e-commerce application written in
Java, and displayed in Appendix B. As a simple optimization we then detect
the redundant checks. Four actors are involved:

e an application server (Bank), with a remote interface to perform queries
and transactions over bank accounts.

e an e-commerce provider (Shop), which interacts with users and the bank
to manage the acquisition and payment of goods.

e a fraudulent entity (Robber), which spoofs for a trusted e-commerce provider.

e a user agent (Client), which exploits the e-commerce facilities offered by
Shop and Robber.

We consider below only the security properties of the code executed on the
client and on the application server.

The user agent runs a Java-enabled Web browser, which has the rights to
access the local filesystem (in both read and write mode), and to open a socket
connection. The client-tier components of the trusted and untrusted e-commerce
providers are implemented as Java applets; so, they are executed by the Java
virtual machine embedded in the browser.

The class Browser provides the applets with some facilities to manage the
user preferences: the getPrefs() method tries to retrieve the preferences (e.g.
payment settings) from a local file, if the applet has the rights to. Otherwise, it
opens a socket connection with the remote server where the applet was down-
loaded. The remote server is then delegated to send back the preferences to the
applet. The changePrefs() method first looks for the old preferences (either
they are in the local disk or on the remote server); then, it asks the user for the
new preferences, which are thereafter saved on the local disk (if the applet has
the rights to) or sent to the remote server.

The Shop applet is basically a two-stage agent. First, the applet regis-
ters the user profile. The user is asked to fill a form, containing e.g. its bank
account number; then, the registration data is stored by the changePrefs()
method. Once the user has been registered, it can start purchasing items from
the provider. When the user orders an item, the applet looks for its registra-
tion data by calling the getPrefs() method. The data is sent back to the
e-commerce server, which performs the transaction on the bank server.

The Robber applet acts similarly. Indeed, the two applets cannot be distin-
guished by looking solely at their control flow. However, this applet may still
perform some fraudulent operations by acting on the data flow. For instance, it
can exploit the user account number to steal the user money. Moreover, the rob-
ber can corrupt some sensitive information on the user local disk by a malicious
use of the changePrefs() method.

The Bank class features a defensive implementation of a simple account man-
ager. Its public interface consists of one boolean query (canpay()) and three
transactions (debit(), credit() and transfer()). Each of these methods is
protected by an appropriate security check. The canpay() method tests if at
least a given amount of money can be withdrawn from a bank account. The
debit () method withdraws a sum from that account, provided there is enough
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Figure 2: CFG and security policy for the e-commerce application (client side).

money. The credit () method deposits a sum in an account. The transfer ()
method withdraws (if possible) a sum from an account, which it then deposited
into another account. The local file system is always accessed in privileged mode.

Two clients aim at exploiting the services offered by the bank: Shop, which
is trusted, and Robber, which is not granted any permission.

The Shop performs the money transfer from the user account, having first
checked that the user has enough money. This is done by invoking the methods
canpay () and transfer () in sequence.

The Robber acts in the same manner. Again, its behavior cannot be taken
apart from that of Shop by looking at the control flow, only. The Robber tries
to steal money from the user account, but it has not the rights to (even if it has
knowledge of the user account number).

The CFGs and the security policies extracted from the Java programs in
Appendix B are shown in Figures 2 and 3, respectively. Dashed boxes enclose the
methods belonging to the same protection domain. Notice that the conditional
constructs are modeled by non-determinism in the intraprocedural flow.

The results of the iterations of the worklist algorithm for the client-side and
for the server-side are shown respectively in Tables 6 and 7 in Appendix B.
We abbreviate the names of protection domains using their initial letters; for
instance, “UB” stands for the security context { Unknown, Bank}. Notice that,
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Figure 3: CFG and security policy for the e-commerce application (server side).

in Table 6, 7;,(n) = Teau(n), because no call is privileged in the CFG in Fig. 2.
We exploit the TP analysis to detect the redundant checks. Consider the
client-side in Fig. 2 first. By Table 6, we have that, at node nq;:

Teait(n11) = {{Trusted, Browser, System}}

By definition of II, we have that II(n11) = Perm(Trusted). Then, the check at
nq1 is redundant, because P, € Perm(Trusted). For node ni3, we have:

Teatl(n13) = {{Trusted, Browser, System}, { Restricted, Browser, System}}

Here T1(n13) = Perm(Trusted) N Perm(Restricted) = (), so the check at ni3 is
indeed necessary. For node ni5 we have:

Teat(n1s) = {{Restricted, Browser, System}}
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Then, II(n15) = Perm(Restricted). Since Propnect € Perm(Restricted), the check
at nys5 is redundant.
We now focus on the server-side (Fig. 3). By Table 7, we have that, at n4:

Teait(na) = {{Client, Bank},{ Unknown, Bank}}

Therefore, the check at n4 is indeed necessary, because Pynpey ¢ II(ng) = 0.
For nodes n7, n12 and nyg, we have:

Teall(N7) = Tean(n12) = Teau(nig) = {{Client, Bank, System}}

Then, II(n7) = II(n12) = I(n1s) = Perm(Client). Since Picpit, Pransfer, Peredit
are granted to Client, it turns out that all the checks in Bank, except ng4, are
redundant. Finally, for nodes noy and nss, we have:

Teall(N20) = Teant(n22) = {{Bank, System}}

Then, both the checks are redundant, because II(ngg) = II(na2) = Perm(Bank)
and Freqd, Pyrite € Perm(Bank).

7 Model adequacy and future work

There are some differences between our model and the Java security model [11]:

e our model prevents a permission P to be granted to a state o : n if P does
not belong to the permissions granted to Dom(n), i.e. P ¢ Perm(n) implies
o :nl/ P. Instead, in the Java security model, P may be implied by some
permission P’ € Perm(n). For example, FilePermission("/-","read")
implies the permission to read any file on the local disk. We can easily
extend our program model by introducing a partial order on permissions
to encompass permission implications. The inclusion test P € Perm(n) in
the rules for - should be replaced by Perm(n) = P, which tests if P is
implied by some permission P’ € Perm(n).

e although the Java security model allows for the dynamic instantiation of
permissions (e.g. an application that asks the user for a file name and
then tries to open that file), we only consider the permissions that can be
determined statically. We are investigating an extension of our present ap-
proach to deal with such parametric permissions on the form P(z), where
x ranges over the set of possible targets for the permissions of class P.

e starting from version 1.4.1, the Java SDK has added support for dynamic
security policies. This means that the binding between a class and its
permissions can be deferred until the class protection domain is involved
in an access control test (rather than when the class is loaded). With our
current approach, the whole analysis has to be recomputed from scratch
each time the security policy is changed. A control flow analysis which
is parametrized with respect to the security policy allows for more incre-
mental behaviour. This subject is currently under investigation.

e in the Java security model, a new thread upon creation inherits the access
control context (i.e. the set of protection domains for the classes on the
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call stack) from its parent. When stack inspection is performed, both the
context of the current thread and the contexts of all its ancestors are exam-
ined. In this way, a child thread cannot obtain a resource access which is
not granted to its ancestors. We do not model threads. To consider them,
we should first single out the program points where new threads can be
created (and started) while constructing the CFG (as done in [16]).

e here, we consider a “skeletal” exception handling mechanism, where excep-
tions are all of the same type, and neither nested try blocks nor finally
clauses are featured. A full treatment of exceptions requires a tailored
construction of the CFG, e.g. by the techniques presented in [6, 24], that
also suggest how to adjust interprocedural analyses to exceptions.

e in our model, only code-centric security policies are allowed: permissions
are granted to code according to its code source, regardless of who is run-
ning it. The Java Authentication and Authorization Service [17], extends
the Java security model by enabling user-centric access control policies,
based on the principal who actually runs the code. Permissions can be
granted to principals, and the doAs method allows a piece of code to be
executed on behalf of a given subject. This is done by associating the
(authenticated) subject running the code with the current access control
context. Stack inspection ensures that subjects are taken into account
when access control is performed (see e.g. [14] for a formal specification).

There are some features of the Java security architecture we think difficult
to cope with: they are reflection, native methods, and some “dangerous” per-
missions implications (e.g. Al11Permission may even breach the whole security
system by replacing the JVM system binaries). Besides deeply affecting security,
these features reduce the effectiveness of any analysis which aims at determining
statically the permissions granted to running code.

8 Conclusions and related work

We have developed a technique to perform program transformations in presence
of stack inspection. The technique relies on the definition of our Trace Permis-
sions Analysis. It is a control flow analysis, and computes a safe approximation
to the set of permissions which are always granted to bytecode at run-time.
The analysis is sound and complete w.r.t. the control flow graphs derived from
the bytecode (however, these graphs only approximate the actual behaviour).
Our analysis makes various optimizations possible. We focussed here on elimi-
nation of redundant checks and of dead code, on method inlining, and on eager
stack inspection. A similar approach also applies to general tail call elimina-
tion. Although we restricted our attention to Java, the same techniques work as
well with other programming languages whose authorization mechanisms rely
on stack inspection (e.g. Cff [31]). It is worthwhile noting that our analysis can
take advantage of the control flow graphs generated by the HotSpot optimizers
embedded in the latest JVMs [25]. This would also make our technique directly
exploitable by these tools, e.g. to produce larger methods by inlining, so allowing
for further optimizations.

Many authors advocated the use of static techniques in order to understand
and optimize stack inspection.
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Besson, Jensen, Le Metayer and Thorn [5] were among the first to apply
static techniques to the verification of global security properties. They formalize
classes of security properties through a linear-time temporal logic. They show
that a large class of policies (including stack inspection) can be expressed in this
formalism, while more sophisticated ones (like the Chinese Wall policy) are not.
Model checking is then used to prove that local security checks enforce a given
global security policy. Their verification method is based on the translation
from linear-time temporal formulae to deterministic finite-state automata, and
it can be used to optimize stack inspection. For each node n, the analysis in [5]
can compute the set { P € Pepeck | G>0:n A o:nb P}, where Pepeck is the
set of permissions checked in G. The computational complexity of the method
is O(c - |N|), where the constant ¢ depends on the cardinality of Pepecr (in the
worst case, ¢ = 2‘736’“”’“'). Therefore, our Trace Permissions analysis performs
better when there are few protection domains, while [5] is more efficient when
there are few security checks. Note that our analysis is at least as precise
as [5], because Pepeck, € P. Also, the analysis in [5] does not seem to scale up
smoothly to handle dynamic linking, because it must be recomputed each time
a new permission is discovered.

Based on the same program model of [5], Besson, de Grenier de Latour and
Jensen [4] develop a static analysis that computes, for each method, the set
of its secure calling contexrts with respect to a given global security property.
When a method is invoked from a secure calling context, it is guaranteed that its
execution will not violate the global property. For some optimizations, e.g. for
method inlining, this technique is even too powerful, as the information about
calling contexts is unnecessary.

Esparza, Kucera and Schwoon [9] tackle stack inspection in terms of model
checking pushdown systems (PDSs). Obdrzélek [20] uses the same technique to
accurately model Java exception handling. A suitable combination of the two
will then be an alternative approach to ours. Since our model is specifically
tailored on stack inspection, we think that our analysis may be implemented
and exploited more efficiently than a general method such as model checking
PDSs. Like in [5], the latter approach seem to suffer from dynamic linking, in
particular when some program transformations (e.g. method inlinings) have to
be revalidated at run-time.

Walker [28] explores an alternative approach. When a security-unaware
program is compiled, a centralized security policy dictates where to insert run-
time checks, in order to obtain provably-secure compiled code. An optimization
phase follows: whenever a security check is removed, it is replaced by a proof
that the optimized code is still safe. Before executing a piece of code, a certi-
fied verification software ensures that it respects the centralized security policy.
Security properties are specified by security automata [23, 3]. This mechanism
is rather powerful (it subsumes linear temporal logic), but it does not handle
some interesting properties, e.g. information flow, resource availability, liveness,
performance. Actually, security automata can only express a proper subset of
the class of safety properties. The policies specified by security automata can be
enforced by inlined reference monitors, which control the execution steps of tar-
get applications, terminating those about to violate the security policy in force.
Inlined reference monitors have been used to enforce Java stack inspection [8].

One of the main drawbacks of [5, 28] is the difficulty of mechanically de-
termining a “suitable” global security property for an arbitrary program, i.e. a
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property that, if enforced, guarantees safe execution.

Wallach, Appel and Felten [30] formalize stack inspection by exploiting the
access control logic of [1]. The authors show that their decision procedure is
equivalent to Java stack inspection, according to an informal operational seman-
tics. Moreover, they propose an alternative semantics of eager stack inspection,
called security-passing style. This technique consists of tracking the security
state of an execution as an additional parameter of each method invocation.
This allows for interprocedural compiler optimizations that do not interfere
with stack inspection. The security-passing style allows each security operation
to be performed in constant time, but it involves an overhead, because the se-
curity state must be computed at each method invocation. Dynamic caching
techniques are adopted to reduce this overhead: therefore, in the optimal case,
the additional cost of each method invocation is that of a hash lookup. The
same technique allows for an implementation of security checks which requires
a hash lookup in the optimal case. Instead, in our approach, each security op-
eration costs as a hash lookup in the worst case, while, in the optimal case, it
is as cheap as a bitwise operation. A further difference w.r.t. our approach is
that [30] assumes that the whole program is available at compilation time.

Pottier, Skalka and Smith [21] address the problem of stack inspection in
Asec, & typed lambda calculus enriched with primitive constructs for enforcing
security checks and managing permissions. They have polymorphic types on
the form 71 — ¢ — 7o, where 71,79 are types and ¢ is a set of permissions.
Intuitively, the type m — ¢ — 7o details the security context necessary to
execute a function of type 7 — 7». Stack inspection never fails on a well typed
program, because the set of permissions granted at run-time always includes
the security context. These types are very powerful and can deal with several
issues (e.g. security policy overriding and dependencies from untrusted code).
Moreover, they can be smoothly extended to deal with objects by standard
type-theoretic techniques. This analysis supports all-or-nothing optimizations
that remove the security manager when all the checks are redundant. Instead,
we can single out and remove individual redundant checks.

The problem of establishing the correctness of program transformations in
presence of stack inspection is investigated by Fournet and Gordon in [10]. They
present an equational theory, together with a coinductive proof technique, for
the Agee calculus. They study how stack inspection affects program behavior,
proving that certain function inlinings and tail-call eliminations are correct. The
equational theory is used to reason about the (somewhat limited) security prop-
erties actually guaranteed by stack inspection. Here, we are more concerned with
efficient (semantically-based) optimization procedures to be used on the field,
rather than with a general reasoning framework. Indeed, it is unclear how to
(mechanically) derive a procedure (e.g. a confluent terminating rewriting system)
to ensure correctness of program transformations under security constraints.

Clemens and Felleisen [7] present a different semantics of (eager) stack in-
spection on continuation CESK machines, which allows for tail-call optimizing
implementations.

Compared with our approach, [7, 10, 21] consider more basic programming
primitives (e.g. there is no exception mechanisms). Also, static typing appears
to be more difficult than control flow analysis when permissions can be dy-
namically instantiated. Indeed, we argue that typing and control flow analysis
are complementary static techniques. Approaches based on types focus more
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on defining safe programming disciplines; control flow analysis, instead, seems
more accurate in efficiently determining effective program optimizations.

Koved, Pistoia and Kershenbaum [16] address the problem of computing the
set of permissions a class needs in order to execute without throwing security
exceptions. Also this analysis suffers from allowing only all-or-nothing optimiza-
tions, as in [21]. The analysis is built over access rights invocation graphs. These
flow graphs are context-sensitive: each node is associated also with its calling
context, i.e. with its target method, receiver and parameters values. In this way,
the analysis in [16] can deal with parametric permissions and multi-threading.
Our approach can gain precision through the exploitation of these graphs. We
plan to study this issue in future work.
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A Proofs

A.1 Properties of CFGs

Lemma A.1. Let:
<00,x0) > - B> <O’k,xk>

be a trace on G, where o = o : n: m. Then:

n — p(m) (1a)
Ji € 1.k —1. (o4, z;) = (0 : n, false) (1b)

Proof. We proceed by induction on the length of the trace. The base case k = 0 holds
trivially, because oo = [].

For the inductive case, assume (1a) and (1b) are true for all traces of length lower
than k. By case analysis on the rule used to deduce (oy_1,zk_1) > (oK, Tx), we have:

e case [call]: o)
n)=-call n—m

o:nmbo:n:m
Here (1a) follows by the fact that n — m, and the index ¢ which satisfies (1b)
is just k — 1. Notice that it must be kK — 1 > 0, because any derivation for o : n
requires at least one step.

e case [ret]:
l(n') =return m' -+ m

oc:n:m :n>o:n:m

By the induction hypothesis, we have that:
Jj € 1.k — 2. {oj,z;) = (o : n:m/, false) (2)

Since any derivation for o : m : m’ requires at least two steps, it must be j > 1.
Then, the induction hypothesis on j — 1 gives n — p(m’), and:

Ji € 1.5 — 1. (04, z:) = (0 : n, false) (3)

Since m’ --+ m, we have pu(m’) = p(m): then, n — p(m’) implies n — p(m),
and this proves (la). Moreover, (1b) is satisfied with the index ¢ given by (3).

e case [pass]:
£(m') = check(P) o:n:m'FP m -+ m

o:n:m'>o:in:m
By the induction hypothesis, n — p(m’), and:
Ji € 1.k —2. (0,z:) = (o : n, false) (4)
Since m’ --+ m, we have pu(m’) = p(m): then, n — p(m’) implies n — p(m),
and this proves (1la). Moreover, (1b) is satisfied with the index ¢ given by (4).

. ]
case [fail] f(m) = check(P) o:n:ml/P

oc:m:mp>o:n:mj
Here (1a) and (1b) follow directly by the induction hypothesis.
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® case [catch]:
’
m __-)f m

cn:mi>o:n:m
By the induction hypothesis, we have n — p(m'), and:
Ji€ 1.k —2. (05,x:) = (o : n, false) (5)
Since m’ --+;m, we have pu(m') = p(m): then, n — p(m’) implies n — p(m),
and this proves (1la). Moreover, (1b) is satisfied with the index ¢ given by (5).

e case [throw]:
m' 7

c:n:m:mi>o:in:mf

By the induction hypothesis, we have that:
dj € 1.k — 2. (05, x;) = (o : n: m, false) (6)

Since any derivation for o : n : m requires at least two steps, it must be j > 1.
Then, the induction hypothesis on j — 1 gives n — p(m), and:

Ji € 1.5 — 1. (04, z:) = (0 : n, false) |
Lemma A.2.
Go:n:m A {(m)=return = m€ p(n)

Proof. By lemma A.1, G >0 :n:m implies that n — p(m). Since ¢(m) = return,
by definition 3.3 it follows that m € p(n). |

Lemma A.3.

G>o:ny = £&n)#0

Proof. Let (00,x0) > -+ > {0k, k) be a trace leading to o : n4, and define:

i*=max{i€0..k — 1| z; = false}
Since the only rule that raises an exception is I>fq, the transition o« > o414 must

be on the form:
£(n') = check(P) o' :n'l/ P

/ ’ / ’
g:np>ao:n'y
where 0« = o4+41 = o’ : n’. By definition 3.4, we have £(n’) = {n'} # 0. Now,
let ¢ € i* + 1..k — 1. Since the only rule that propagates an exception is D> 0w, the
transition ;4 > 0i+14 must be on the form:

m 7%

o’ :nimy>o’iny

where 0; = ¢’ : n” : m and 0,41 = ¢” : n’’. By an inductive argument, it follows

that £(m) # (. Moreover, m /~#; holds, and n” — p(m) follows by lemma A.1: by
definition 3.4, we then have £(n’") D &£(m). Since £&(m) # 0, this implies £(n”) £ 0. O
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A.2 Soundness of the TP analysis
Theorem A.4. For alloc € N*, P € P:

cFP <« Pell(I'(o))

Proof. We proceed by induction on the number of nodes in o. For the base case
o =[], we have II(I'([])) = (@) = P (the last equality holds by convention), and
[ = P by [F1]. For the inductive case, let 0 = o’ : n. There two subcases, according
n being privileged or not.

If Priv(n), then II(T'(¢’ : n)) = II({Dom(n)}) = Perm(n). Thus, if P € Perm(n)
then ¢’ : n = P by [F3]. On the other hand, ¢’ : n = P implies that P € Perm(n),
regardless of n being privileged or not.

If —=Priv(n), then II(T'(¢’ : n)) = I(T'(¢') U {Dom(n)}) = II(T'(¢')) N Perm(n).
By definition of Il and T', P € II(I'(¢)) implies P € II(I'(¢")) and P € Perm(n). Then,
o’ I P follows by the induction hypothesis, and ¢’ : n F P by [2]. On the other hand,
o' : n - P requires that o’ = P and P € Perm(n). The induction hypothesis implies
P €TI(I'(¢")), and P € TI(T'(¢" : n)) follows by definition of II and T. O

Theorem A.5. Let 7 = TP=(G, Perm). Then:
Gro:n = Iye€run).y=T(o:n) (7)
Proof. We prove the following, stronger, result:
Gro:n = Iy € rin(n). y=T(o)U{Dom(n)} (8a)
Gr>o:ny = Iy € teaen(n). v=T(c)U{Dom(n)} (8b)
Equation (7) follows by (8a) by noticing that:

e if =Priv(n), then 7¢(n) = Tim(n), and T'(o : n) = T'(¢) U {Dom(n)};

e if Priv(n), then 7.u(n) = {{Dom(n)}} (because Tin(n) # () when (8a) is true),
and I'(o : n) = {Dom(n)}.

We prove (8a) and (8b) simultaneously by induction on the length of the derivation
[]>-- > {0 :n,z). The base case corresponds to our single axiom:

—n

[l > [n]

We show that v = {Dom(n)} satisfies (8a). Since e&— n, we have that {Dom(n)} €
Tout(ne,n) C Tin(n). Then, I'([]) U {Dom(n)} =0 U {Dom(n)} = ~.

For the inductive case, we proceed by case analysis on rule used to deduce the last
step of the derivation for (o : n,x).

e case [call]:

ln')y=call n' —n
!

where 0 =0’ :n
o :n>o:in:n
By the induction hypothesis (8a), we have:
3y € in(n'). v =T(¢") U {Dom(n’)} (9)
If —Priv(n’), we show that v = 4/ U {Dom(n)} satisfies (8a). Since:

Tin(n) 2 Tow(n',n) = {7 U{Dom(n)} |7 € Tin(n') }
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and v’ € T (n') by (9), it follows that v € 7;,(n). Moreover:

v =" U{Dom(n)} by def. ~
=T(¢") U {Dom(n')} U {Dom(n)} by (9)
=T(o' : n') U {Dom(n)} as —Priv(n)

If Priv(n'), we show that v = {Dom(n’)} U {Dom(n)} satisfies (8a). Since:
Tin(n) 2 Tou(n',n) = {{Dom(n)} U {Dom(n)}}
then 7 € 7in(n), and:
7 = {Dom(n')} U{Dom(n)} = T(6":n’)U{Dom(n)}

case [ret]:
l(m) =return n' -+ n

o:n:mpo:n

By lemma A.1, any trace leading to o : n’ : m is on the form:
> ->on>-->o:n:m

where £(n’) = call, n’ — p(m), and m € p(n’) by lemma A.2. Therefore, we
can apply the induction hypothesis on o : n’ as well as on o : n’ : m, obtaining:

3y € Tin(n'). 4 = T'(0) U {Dom(n’)} (10a)
3y € 7in(m). 4" =T'(0 : n'") U {Dom(m)} (10b)

We show that v = 4’ satisfies (8a). First, notice that v = I'(0) U {Dom(n)},
because Dom(n) = Dom(n’) by constraint 4. Second, we prove that v € i, (n).
If =Priv(n’), then:

Tin(n) 2 Tyans(n') = {7 € Tin(n’) | Trans(n’,v) }
To show that Trans(n',v), i.e.:
Im € p(n'), 4" € Tin(m). v =~" U {Dom(m)}

observe that:

" =T(o:n")U{Dom(m)} by (10b)
=T(0) U {Dom(n’)} U {Dom(m)} as —Priv(n’)
=~' U {Dom(m)} by (10a)

In the case Priv(n'), we have:
Tin(1) 2 Tirans(n') = {7 € Tin(n') | Trans(n’, {Dom(n')}) }
To show that Trans(n’, {Dom(n’)}), i.e.:
Sm € p(n'), 7" € Tin(m). 7" = {Dom(n')} U {Dom(m)}
observe that:

7" =T(o:n")U{Dom(m)} by (10b)
= {Dom(n’)} U {Dom(m)} as Priv(n’)
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e case [pass]:
l(n’) = check(P) o:n'+FP n' —+n

o:n>o:n
By the induction hypothesis (8a), we have:
3y € Tin(n'). v =T (o) U {Dom(n')} (11)
We show that v = +/ satisfies (8a). First, notice that v = I'(0) U {Dom(n)} by
constraint 4. Second, we prove that v € 7i,(n). Since n’ --+ n, we have:

Tin(n) 2 Tirans(n) = {7 € Tin(n') [ P €TI(7) }

Since v = 4/, by (11) it follows that v € 74 (n'). By constraint 5, we have
v=T(c)U{Dom(n')} =T(o:n'). Since ¢ : n’ P (premise of the >p4ss rule),
theorem A.4 implies that P € II(v). Then, v € Tin(n).
e case [fail]:
£(n) = check(P) o:ntfP

oc:nb>o:ng

By the induction hypothesis (8a), we have:
3y € Tin(n). v =T'(0) U {Dom(n)} (12)
We show that v = ' satisfies (8b). By definition of T Peyten, we have:
Teaten(n) = {7y €mm(n) [ P ¢11(7)}

By (12) and constraint 5, it follows that v = T'( : n) € Tin(n). Since o : n i P
(premise of the >4 rule), theorem A.4 implies P ¢ II(7). Then, v € Tcaten(n).

e case [catch]:
/
n ——%mn

oc:n4i>o:n
By the induction hypothesis (8b), we have:
3 € Teaten(n'). ¥ = T'(o) U {Dom(n)} (13)
We show that v = ' satisfies (8a). Since n’ --+;n, we have:
Tin(n) 2 Tour(n',n) = Teaten(n')

Then, 7 € Tin(n) follows by (13), and v =T'(0) U {Dom(n)} by constraint 4.

e case [throw]:
m 7~

oc:n:ms>o:ng
By lemma A.1, any derivation of o : n: m4 is on the form:

> D>o:np>- - >o:n:mj
We apply the induction hypothesis on o : n as well as on o : n: m4, obtaining:

3 € Tin(n). 4" = T(0) U {Dom(n)} (14a)
3" € Teaten(m). v =T (o : n) U{Dom(m)} (14b)
By definition 3.4, m € £1(n): indeed, n — u(m) follows by lemma A.1, m /4,

is a premise of the >0, rule, and £(m) # @ by lemma A.3. We show that
v = 7/ satisfies (8b). There two subcases, according n being privileged or not.
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If =Priv(n), then:
Teaten(n) = {7 € Tin(n) | Catch(n,7) }
where Catch(n, ) holds if:
Im € &(n), v € Teaten(m). v =+ U {Dom(m)}

Since m € &1(n), we have:

7" =T(c : n) U {Dom(m)} by (14b)
=T'(o) U {Dom(n)} U {Dom(m)} as —Priv(n)
=~"U{Dom(m)} by (14a)

Then, v € Teaten(n). If Priv(n), then:
Teaten(n) = {7 € Tin(n) | Catch(n, {Dom(n)}) }
To show Catch(n, {Dom(n)}), observe that:

7" =T(o : n) U {Dom(m)} by (14b)
= {Dom(n)} U{Dom(m)} as Priv(n) O

A.3 Completeness of the TP analysis
Theorem A.6. Let C be the following partial order:

rCr Y WneN m(n) C 7l (n) (15)

Then, there exists a unique 7 = TP=(G, Perm) minimal w.r.t. C, and:
v E Teau(n) = Jo.G>o:n A y=TI(o:n) (16)

Proof. The proof is split in four parts:

1. lemma A.7 formalizes the intuitive concept that, in our model, reachability is
only a matter of access control. This enables us to prove the following item.

2. lemma A.8, showing that:
vy€caln = Jo.G>o:n A y=T(o:n) a7

is indeed an invariant for the worklist-iteration algorithm.

3. lemma A.9 shows that, whenever the algorithm terminates, it computes a solu-
tion to the TP analysis. Moreover, the solution is minimal w.r.t. (15).

4. finally, lemma A.10 shows that the algorithm always terminates.

Lemma A.7. Let G0 :n, G> (0/ : m,x), and n = e(u(m)). Then:
(o) U{Dom(n)} = I'(¢')U{Dom(m)} = G (oc:m,z)

Proof. Since n = (u(m)), by constraint 3 and lemma A.1, it follows that any trace
leading to (o’ : m, ) is on the form:

[ ={(00,20) D> -+ > {on,xn) =0 :n D> - > {ok,xk) = {0’ :m,z)

We can always determine A in such a way that, for each i € h..k:
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TP-ANALYSIS(G)

1 W «— CONS(NIL, n¢)
2 for each n in N do
3 in[n] < call[n] « trans[n] < catch[n] < 0
4 for each (n,n’) in E do
5 out[n,n’] — 0
6 while W # NIL do
7 n <« HEAD(W)
8 W «— TAIL(W)
9 old-catch[n] « catch[n]
10 switch
11 case {(n) = call:
12 if Priv(n)
13 then calljn] «— {{Dom(n)}}
14 trans[n] «— {y € in[n] | Im € p(n). {Dom(n)}U{Dom(m)} € in[m]}
15 catch[n] « {v € in[n] | Im € £1(n).{Dom(n)}U{Dom(m)} € catch[m]}
16 else callln] <« in[n]
17 trans[n] «— {y € in[n] | Im € p(n). v U{Dom(m)} € in[m]}
18 catch[n] « {v € in[n] | Im € &1 (n).y U{Dom(m)} € catch[m]}
19 case {(n) = check(P) :
20 trans[n] «— {v €in[n] | P € TI(v)}
21 catch[n] « {y € in[n] | P ¢ T1(v)}
22 for each (n,n’) in E do
23 switch
24 case e—n':
25 out[n,n’] «— {Dom(n)}}
26 case n — n’ :
27 out[n,n’] «— {y U{Dom(n')}| v € call[n] }
28 case n —-» n’:
29 out[n,n’] < trans[n]
30 case n —¥n’:
31 out[n,n’] « catch[n]
32 if out[n,n’] € in[n/]
33 then in[n’] < in[n’] Uout[n,n’]
34 W — Cons(W,n’)
35 for each m such that n € p(m) do
36 if infm] # 0
37 then W «— Cons(W,m)
38 for each m such that n € £&1(m) do
39 if in[m] # 0 and catch[n] ¢ old-catch|n]
40 then W «— Cons(W,m)

Table 5: Worklist-Iteration for the Trace Permissions Analysis

(a) 0; =0’ : o} for some o] # [], and

(b) the bottommost node of o, belongs to u(m).

This is because there always exists a trace leading to (¢’ : m,x) that never returns

from p(m). Therefore, if we prove that, for any ¢ € h..k — 1:
(o' o5, z) > (o' 1 oip1, mit1) == (0:05,3) > (00141, Tit1)

then we can conclude G > (o : m,z). The proof is by cases on the rule applied to
deduce the transition (¢’ : oj,z;) > (¢' : oii1,Tit+1). We work out only the most
relevant cases. First, consider the >4 rule, which instances to:

(n') =check(P) o' :0f:n'FP n —sm

/ " / / " /
oo, npPbo o, :m
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where o; = oy : n/ and o}, = o} : m'. Note that 0 : o} >0 : 0j,; holds if o : o] - P.
Let o = [no,...,ns], where np =n’ and ng € u(m) by the hypotheses (a) and (b).

Assume first there are no privileged nodes in 0. Then, using the facts that no,n, m
are in the same method (so they are in the same protection domain by constraint 4),
and by hypothesis I'(c) U {Dom(n)} = I'(¢') U {Dom(m)}, we obtain:

I'(o':0}) = I'(¢': 07) U{Dom(m)} = I'(¢") U {Dom(m)}UT\(o;)
= T(o) U {Dom(n)}UT'(c}) = T'(c:o;) U{Dom(n)}

Otherwise, let i* be the index of the topmost privileged node in o;. Then:

Lo :07) = U Dom(n;) = TI'(o:0;)

jEi*.h

In both cases, we have shown I'(¢’ : 0;) = I'(0 : ). Since ¢’ : o, - P, by theorem A.4
it follows that o : o] b P. So, the >pass rule gives (o7 : 0f,z:) > (07 1 041, Tig1).
Consider now the D>, rule, which instances to:

4(n') = check(P) o' :0i:n' /P

/ " ’ ’ 1 /
oo n'D>o oy in'y

where o] = 0iy; = of : n’. As in the previous case, I'(¢’ : 0]) = I'(o : 0}). It follows
that o : o} I/ P, and the D> rule gives 0 : i >0 : 0j414.

For the remaining rules, the transition ¢’ : 0; >0’ : 0j,; depends only on the edges
of G and on the topmost node of o, (for rule [>,, also on the next-topmost node).
Therefore, if (¢’ : o}, x:) > (0" : 0511, Tit1), then also (o : 0}, 2:) > (0 : 0f 41, Tit1). O

Lemma A.8. For each node n € N, the statements:

v€inn] = Jo.G>o:n A v=T(0)U{Dom(n)} (18a)
v € catch[n] = Jo. G>o:n4y A v=TI(o)U{Dom(n)} (18b)

are invariant for the worklist-iteration algorithm.

Proof. We first prove that (17) follows by (18a). Let « € call[n]. Then:

e if =Priv(n), then v € in[n] by the assignment at line 16. By (18a), there exists
some o such that G> o :n and v =T(c) U{Dom(n)} =T(o : n).

e if Priv(n), then v = {Dom(n)} by the assignment at line 13. By (18a), there
exists some o such that G> o :n and v = {Dom(n)} =T'(o : n).

The invariants hold when the while loop at lines 6-40 is entered: indeed, after the
initialization loop at lines 2-3, in[n] = catch[n] = { for each n € N.

Next, assume (18a) and (18b) are satisfied for all iterations up to the i-th. We
show that the invariants are preserved after the (i + 1)-th iteration.

Consider (18b) first: inside the switch statement at lines 10-21, catch[n] is updated
when n is a call or a check.

If £(n) = check(P) then, by the assignment at line 21:
catchln] = {y€infn] | P ¢T1(7)}
Let «y € catch[n]. Since v € in[n] and (18a) holds at the i-th iteration, then:

Jo.G>o:n A v=TI(o)U{Dom(n)}
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Since check nodes cannot be privileged (constraint 5), v = I'(o : n), and o : n I/ P
follows by theorem A.4. Then, by the I rule:

£(n) = check(P) o:ntP

oc:nb>o:ng
In conclusion, we have shown that G> o : njy and v = I'(0) U{Dom(n)}. So, (18b) is
preserved by the assignment at line 21.
If £(n) = call, we have two subcases, depending on n being privileged or not.
If —=Priv(n), then, by the assignment at line 18:
catch[n] = {~v €in[n]|3Im € &1 (n). yU{Dom(m)} € catch[m]}

Let v € catch[n]: then, there is an m € £1(n) and a 7' € catch[m| such that

/

4" = yU {Dom(m)}. Since v € in[n], then v € catch[m]; moreover, since both
the invariants (18a) and (18b) hold at the i-th iteration, we have:

Jo.G>o:n A v=T(o)U{Dom(n)} (19a)
Jo'.G>o' :m4 AN 4 =T(c')U{Dom(m)} (19b)

Let n' = e(u(m)). Since m € £1(n), by definition 3.4 it follows that n — u(m) and
m 7-+. Then, by the > rule, we have:

ln)=call n—n'

c:np>o:n:n

Moreover, we have that:

I'(o : n) U {Dom(n')} = I'(c : n) U {Dom(m)} as p(n') = p(m)
=TI'(o) U{Dom(n)} U {Dom(m)} as —Priv(n)
=~y U {Dom(m)} by (19a)
=7 by def. v’
=T(¢") U {Dom(m)} by (19b)

This enables us to apply lemma A.7 to deduce G > o : n: m4. Then, by > throw:

m /-4

o:n:mg>o:ng
If Priv(n), then, by the assignment at line 15:
catch[n] = {7 €in[n] | 3Im € &(n). {Dom(n)} U{Dom(m)} € catch[m] }

Let v € catch[n]. Then, there exist m € &1(n) and o' € catch[m] such that o' =
{Dom(n)} U {Dom(m)}. Similarly to the case =Priv(n), we have GI>o : n: n'. Then:
I(c:n)U{Dom(n)} = {Dom(n)}U{Dom(n’)} = +

and G > o : n4 follows by D hrow. This concludes the proof of (18b).

To prove that also the invariant (18a) holds, consider the for loop at lines 22-34.
At each iteration, out[n,n’] is computed for some (n,n’) € E. When the condition of
the if statement at line 32 is false, the array in is left unchanged. Otherwise, only the
value of in[n'] is updated, and we have:

in[n'] < in[n’] U out[n,n’]

Then, it suffices to show that (18a) holds for v € out[n,n']. There are only the
following cases, according to the kind of the edge (n,n’):
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e case [entry|: if &— n’, then, after the assignment at line 25:
outfn,n'] = {{Dom(n’)}}

Let v = {Dom(n’)} and o = []. Then, G > o : n’ follows by rule [>eniry, and
v =T(o) U {Dom(n’)}.

e case [call]: if n — n’, then, by constraints 1 and 2, it must be £(n) = call.
Being n privileged or not, since it has been extracted from the worklist, the
guards at lines 32, 36, 39 make sure that in[n] # 0. Since (18a) holds at the i-th
iteration of the while loop, it follows that G>o’ : n for some ¢’. Let o = o’ : n.
Then, G > o : n’ follows by:

4(n)=call n—n'

o np>o in:n
By the assignment at line 27, we have:
out[n,n'] = {yU{Dom(n')} |~ € calln]}

If —=Priv(n), then callln] = in[n] by the assignment at line 16. Then, each
v € call[n] in on the form v = v’ U {Dom(n’)}, for some 7’ € in[n]. Since (18a)
did hold when +" was inserted in in[n], we have:

Goo' :n A 4 =T(c)U{Dom(n)} (20)

Then, (18a) is preserved, because:

v =" U{Dom(n')} by def. ~
=T(¢") U {Dom(n)} U {Dom(n')} by (20)
=T(o": n) U {Dom(n)} as —Priv(n)
=T(0) U {Dom(n’)} by def. o

If Priv(n), then, by the assignment at line 13, callln] = {{Dom(n)}}. Let
v = {Dom(n)} U {Dom(n')}. Then:

(¢’ :n)U{Dom(n")} = {Dom(n)}U{Dom(n)} = «
e case [transfer]: if n --+ n’, then, by the assignment at line 29:
out[n,n'] = trans[n]

By constraint 2, n cannot be a return node, so we have to consider two subcases,
i.e. that n is a check or a call node. If £(n) = check(P), then, by the assignment
at line 20, we have:

transjn] = {y€in[n]| P €Il(y)}
Take v € in[n] such that P € II(y). By (18a) and by constraint 5, we have:
Jo.G>o:n AN y=T(oc:n) (21)
Theorem A.4 implies that o : n = P. Therefore, G > o : n’ follows by the rule:

l(n) = check(P) o:nkP n--»n

c:np>o:n

Since p(n) = p(n’), constraint 4 implies that v = T'(o) U {Dom(n’)}.
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If £(n) = call, we must consider two subcases, depending on n being privileged
or not. If =Priv(n), by the assignment at line 17:

trans[n] = {~v €in[n]|3Im € p(n). vyU{Dom(m)} € in[m] }

Let y € trans[n]: then, there exist m € p(n) and v € in[m] such that o' =
~vU{Dom(m)}. By applying (18a) for n as well as for m:

Jo.G>o:n A v=TI(oc)U{Dom(n)} (22a)
Jo'.G>o' :m A A =T(c")U{Dom(m)} (22b)

Observe that, since m € p(n), it must be n — m’ for m’ = e(u(m)). Then,
G 1> o :n:m follows by the rule:

ln)=call n—m

oc:np>o:n:m

Moreover, we have that:

I'(o : n) U{Dom(m')} =TI'(o : n) U {Dom(m)} as p(m') = u(m)
=T(o) U{Dom(n)} U{Dom(m)} as —Priv(n)
=y U {Dom(m)} by (22a)
= by def. 4
=T(o") U {Dom(m)} by (22b)

This enables us to apply lemma A.7 to deduce G > o : n: m. Then:

{(m) =return n --» n’

o:n:m>o:n
Again, v = I'(0) U {Dom(n’)} follows because u(n) = p(n').
If Priv(n), then out[n,n'] = in[n] and {Dom(n)} U {Dom(m)} € in[m] for some
m € p(n), because line 32 ensures that out[n,n'] # 0. Let v € in[n] and v' =

{Dom(n)} U {Dom(m)}. Then, (22a) and (22b) are still valid, and lemma A.7
can be applied by noticing that:

I'(o :n) U {Dom(m')} =T'(c : n) U{Dom(m)} as pu(m') = p(m)
= {Dom(n)} U {Dom(m)} as Priv(n)
=~ by def. 4’
=T(¢") U {Dom(m)} by (22b)

Therefore, by arguments similar to those used for the case —Priv(n), we find
that G> o : n’ and that v = I'(¢) U {Dom(n’)}.
case [catch]: if n --+;n/, then, by the assignment at line 31:

out[n,n'] = catchln]

Let v € catch[n]. Since we have already proved that (18b) is valid at the (i+1)-th
iteration of the while loop, we have:

Jo.G>o:ny N v=T(o)U{Dom(n)}
Then, G > o : n’ follows by the rule:
n —+n’
o:ny>o:n

and v = I'(o) U {Dom(n’)} immediately follows from u(n') = p(n).
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Lemma A.9. If the worklist-iteration algorithm terminates, then it computes
the least solution to the TP analysis. More formally, if we define:

TP = (in, out, trans, call, catch)
then TPETP=(G), and TP is minimal w.r.t. the partial order (15), that is:
TETP™(G) = VneN.inn|C1yn)

Proof. We start by showing the minimality of TP w.r.t. (15). Consider an arbitrary
solution 7 = TP~ (G). We prove that:

in[n] C Tin(n) (23a)
out[m, n] C Tout(m,n) (23b)
callln] C Tcau(n) (23¢)
trans[n] C Terans (1) (23d)
catch[n] C 7eaten(n) (23e)

is invariant for the while loop, for each n € N and (m,n) € E. Define in® as the value
of the array in at the entry of the while loop, and in® as the value of the array after
the assignment at line 33 of the i-th iteration. Similarly for the arrays out, call, trans,
catch and for the the worklist W.

After the initialization for loops at lines 2-3 and 4-5, we have:

inln] = 0 C Tin(n)
out’[m,n] = 0 C Tou(m,n)
cal’ln] = 0 C 7eu(n)
trans’ln] = 0 C  Tirans(n)
catch’ln] = 0 C  Teaten(n)

for each n € N and (m,n) € E, so all equations (23) are trivially satisfied.

Next, we show that the inclusion relations are preserved after each iteration of the
while loop. Let ¢ > 0, and assume the equations (23) are satisfied for all iterations
up to the i-th, for each n € N and (m,n) € E.

We first prove the invariants (23c)-(23e). At the (i+ 1)-th iteration of the while, a
node n is extracted from the worklist (lines 7-8), and the values call"**[n], trans’™*[n]
and catch’™![n] can be updated, according to one of the following cases:

e case [call]: if £(n) = call, we have two cases, depending on m being privileged
or not. If =Priv(n), then, by the assignments at lines 16-18:
call“![n] in‘[n]
Tin (TL)
Tcall(n)

N q

{7y €inf[n] | Im € p(n). y U {Dom(m)} € in‘[m] }
{7 € ) 13m €4 U Dom(m} € ()

trans' ™ [n]

N q

{7y €in‘[n] | Im € &1(n). yU {Dom(m)} € catch’[m]}
{7 € () [0 € 60). U (Do) € o)

catch™*![n]

N1
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If Priv(n), the assignment at line 13 reads as:
call''[n] — {{Dom(n)}}

Indeed, the if statements at lines 32, 36 and 39 ensure that an assignment to
in[n] took place before n was inserted in the worklist, say at the j-th iteration
of the while, with j < i. Therefore, in?[n] # @, and in?[n] C in*[n] because of
monotonicity. By hypothesis in‘[n] C 7, (n), it follows 7in(n) # @, and thus:

calliﬂ[n] = {{Dom(n)}} = 7eu(n)

By arguments similar to those used for the case —Priv(n), trans™[n] C Tyrans(n)
and catch®™![n] C Teasen (n).

e case [check]: if £(n) = check(P), by the assignments at lines 20-21:

trans’t'[n] — {yein’[n]| Pell(y)}
C {yemmn)|Pel(y)}
= Ttrans(n)

catchi‘"l[n] — {’y € ml[n] | P ¢ H('Y)}
c {5 e(Tiy)L(n)IP%H(V)}

Now we prove that (23b) is an invariant, as well, using what we have just established
above. Inside the switch statement at lines 23-31, out*™*[n,n'] is updated for each
edge (n,n’) € E, according to one of the following cases:

e case [entry|: if &— n’, then, by the assignment at line 25:
out'[n,n'] — {{Dom(n)}} = Tour(n,n’)

e case [call]: if n — n’, then, by the assignment at line 27:
nyn’] —  {yU{Dom(n")} |y € call"*[n] }
C  {yU{Dom(n')} | v € Teau(n) }

= Tou(n,n)

out

e case [transfer]: if n --+ n’, then, by the assignment at line 29:

out™™n,n'] — trans't'[n] C Thans(n) = Tour(n,n)

e case [catch]: if n --+;n', then, by the assignment at line 31:

out™[n,n'] — catch’™'[n] C Tewten(n) = Tour(n,n)
To prove (23a) is an invariant, observe that, by the assignment at line 33, and using

the fact that 7 = TP~ (G):
in"T'n/] — in’[n] U out"™'[n,n/]
C  Tim(n) U Tou(n,n’)

= 7i(n)

So we conclude that, if we eventually obtain a solution, then is is minimal. Now, we
show that the arrays in, out, call, trans and catch satisfy the equations of Table 3. Note
first that, for each n € N, by construction of the arrays in and out:

infn] = U out[m, n|

(m,n)eE
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is invariant in the worklist-iteration algorithm. This is ensured by the assignment
at line 33, because, for each (m,n) € E, the value out[m,n] grows monotonically.
Therefore, the array in satisfies the equation for T P;,.

To show that call satisfies the equation for T P..;, consider a call node n. Two
cases arise, depending on n being privileged or not.
If —Priv(n), consider first the case that in[n] is never assigned at line 33. As in[n] = 0,
neither the assignment at line 34 nor those at lines 37 and 40 can take place: indeed,
the first assignment is always executed after a non-empty assignment to in[n], while
the others are prevented by the if statements at lines 36 and 39, respectively. Thus,
n is never inserted into W, and:

callln] = 0 = inn]

If in[n] # 0, let callln] bet assigned for the last time at the i-th iteration of the while
loop (recall that we assume the algorithm to terminate). In this case, in[n] never
changes its value after the i-th iteration; otherwise, n would be inserted into W again
at line 34, and call[n] would be updated in a subsequent iteration. Therefore, by the
assignment at line 16:

callln] = call'ln] = in'[n] = in[n]

If Priv(n), consider first the case that in[n] is never assigned inside the while loop.
By the same arguments used above, we have:

calln] = 0
Otherwise, if in[n] # 0, then, by the assignment at line 13, we have:

callln] = {{Dom(n)}}

and the value call[n] is no longer changed inside the while loop. This concludes the
proof that call satisfies the equation for T Pq;.

To show that trans satisfies the equation for T Pjirens, take a node n. There are
two cases, depending on n being a check or a call node. Consider first the case
£(n) = check(P). As seen above, if in[n] is never assigned, then:

transin] = 0 = {vy€in[n]|Pell(y)}

Otherwise, if trans[n] is lastly updated at the i-th iteration of the while loop, then
in[n] cannot change its value after that iteration, and we have:

trans[n] = trans'n] = {y€in‘[n] | P€Tl(7)} = {~y<€inn]|Pell(y)}

If £(n) = call, consider first the case that n is never inserted in the worklist, that is
in[n] = 0. If =Priv(n), this implies:
transjn] = @ = {~ €in[n]| Trans(n,v) }
Similarly, if Priv(n):
transin] = @ = {~ €in[n]| Trans(n,{Dom(n)})}
Otherwise, say n is extracted for the last time from W at the i-th iteration. Then, it
cannot happen that in[n] changes its value after that iteration (as seen above), nor it

can in[m] for any m € p(n). The latter statement is proved by contradiction. Assume
that, for some m € p(n) and j > i

infm] = in’[m] O i’ '[m]
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Then, by the assignment at line 34, m € W’. Since W is empty at the exit of the
algorithm, there is an index h > j such that m = HEAD(Wh). Thus, m is extracted
from the worklist at the h-th iteration, and, after the for loop at lines 35-37, n € W".
Since h > j > i, this contradicts our assumption that n is extracted for the last time
from W at the i-th iteration.

If =Priv(n), then, by the assignment at line 17 of the i-th iteration:

transjn] = trans'[n]
= {y€in’[n]|3Im € p(n). yU{Dom(m)} € in‘[m] }
= {y¢€in[n]|3Im € p(n). yU{Dom(m)} € in[m] }
= {~v¢€in[n]| Trans(n,v) }

Similarly, if Priv(n), at the exit of the while:
trans[n] = {v € in[n] | Trans(n, {Dom(n)}) }

This concludes the proof that trans satisfies the equation for T Pirans.

To show that catch satisfies the equation for T P.achn, take a node n. There are
two cases, depending on n being a check or a call node. Consider first the case
£(n) = check(P). Just as above, if in[n] is never assigned:

catchin] = 0 = {y€inn]| P ¢I(y)}

Otherwise, if catch[n] is lastly updated at the i-th iteration of the while loop, then
in[n] cannot change its value after that iteration, and we have:

catchln] = catch’fn] = {ycin'ln] | PETI()} = {yeinfn]| P ¢TI(y)}

If £(n) = call, consider first the case that n is never inserted in the worklist, that is
in[n] = 0. If =Priv(n), this implies:

catch[n] = 0 = {v €in[n]| Catch(n,~)}
Similarly, if Priv(n):
catch[n] = 0 = {7 €in[n]| Catch(n,{Dom(n)}) }

If in[n] # 0, let n be extracted for the last time from W at the i-th iteration. Then,
it cannot happen that in[n] changes its value after that iteration (as seen above), nor
it can catch[m] for any m € &1(n). The latter statement is proved by contradiction.
Assume that, for some m € £1(n) and j > i:

catchm] = catch’[m] O old-catch’[m] = catch’™'[m]

Then, after the for loop at lines 38-40, n would be inserted into W again, i.e. n € W7,
Since j > i, this contradicts our assumption that n is extracted for the last time from
W at the i-th iteration.

If —=Priv(n), then, by the assignment at line 18 of the i-th iteration:

catch[n] = catch’[n]

{~vein'[n] | Im € &1(n). v U {Dom(m)} € catch’[m] }
= {~v€in[n]|3Im € &(n). yU{Dom(m)} € catch[m]}
= {~v€inn] | Catch(n,v)}

Similarly, if Priv(n), at the exit of the while:

catchn] = {~ €in[n] | Catch(n, {Dom(n)}) }
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We conclude the proof by showing that out satisfies the equation for T P, in Table 3.
Consider the switch statement at lines 23-31.

First, let &« n’. Since, by the assignment at line 1, n. is present in W when
the while loop is entered, and W is empty at the exit of the algorithm, it follows
that n. must be extracted from W during an iteration of the loop. According to the
assignment at line 25, we have:

out[ne,n’] = {{Dom(n')}}

For the remaining cases, notice that the assignments made to out at lines 27, 29 and 31
correspond literally to the cases in Table 3. The fact that call, trans and catch satisfy
the corresponding equations therefore suffices.

In the end, we have shown that, whenever the worklist-iteration algorithm termi-
nates, then it computes the least solution to the TP analysis. O

Lemma A.10. The worklist-iteration algorithm always terminates.

Proof. The bounded for loops at lines 2-3 and 4-5 trivially terminate. The worklist
contains just the entry point n. when the while loop starts. Fach iteration of the
loop removes one node n from the worklist, and may add a finite number of nodes by
the assignments at lines 34, 37 and 40. Consider the following cases:

e if {(n) = return or {(n) = check(P), then n can be inserted into W only at
line 34. Indeed, by definition of &; and p, it follows:

n €&(n) vV n€pn) = n— pun') = £(n)=call

so neither n can be appended to W at line 37 nor it can at line 40. Therefore,
n can be added to the worklist only if, for some (m,n) € E:

Iy € out[m, nl]. v ¢ in[n]

which corresponds to the condition in the if statement at line 32. Thus, the new
value assigned to in[n] at line 33 strictly contains the old one. Since D is finite,
also its subsets are such, and the condition of the if statement will eventually
become false. Therefore, n cannot be inserted into W infinitely often.

e if /(n) = call, then n can be inserted into W both at lines 34, 37 and 40.
As above, line 34 cannot contribute infinitely often, so we are left to consider
lines 37 and 40 only.

Consider line 37 first. By contradiction, assume that it endlessly inserts n into
W: then, there is a return node n’ such that n’ € p(n) and n’ appears in W an
infinite number of times. Contradiction: this cannot happen for return nodes.
Next, consider line 40. By contradiction, assume that it endlessly inserts n into
W: then, there is a node n’ such that n’ € £1(n) and n’ appears in W infinitely
often. Moreover, the inequality:

catch’[n/] O old-catch’[n/] = catch’™'[n]

holds for an infinite number of iterations. Since D is finite, this is a contradiction.

e finally, if n = n., then n is never inserted in the worklist after line 1. Actually,
neither n. can be inserted into W by lines 37 or 40 (it is not a call node), nor it
can by line 34 (it is never a target node in edges).

Therefore, each node can be inserted into the worklist only a finite number of times:
this causes the worklist to be eventually exhausted, and the algorithm to terminate. [
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A.4 Computational Complexity

The bounded for loops at lines 2-3 and 4-5 are executed |N| and |E| times,
respectively. Each iteration of the while loop at lines 6-40 extracts a node
from the worklist, and may add new nodes to it because of the assignments at
lines 34, 37 and 40. The if statement at line 32 ensures that, for each node n,
the new value assigned to in[n] strictly contains the old one. Moreover, we can
safely modify our algorithm so that it no longer inserts a node n into W once
in[n] reaches its maximal value 2!/P¢!  where Dg is the set of protection domains
actually occurring in GG. Therefore, the body of while loop may be executed at
most |N| - 2Pl times.

The most expensive instructions inside the loop are the assignments at
lines 17 and 18. Consider line 17 first. To compute trans[n], we have to check,
for each v € in[n] and m € p(n), whether v U {Dom(m)} € in[m] or not.
In the case that n has O(|N|) returns, and |in[m]| = O(2!P¢!) for each m € p(n),
this instruction requires O(|N| - 221P¢1) comparisons. The linear factor can be
discarded if we assume that, for each call node n, the set ([ J{in[m] | m € p(n) } is
maintained, e.g. inside the for loop at lines 35-37. Similar arguments apply for
line 18, so each iteration of the while loop can be executed in time proportional
to 22/Pal. Therefore, the worst-case complexity of the algorithm is:

O(|N|-2°1P<l)

However, this upper bound is too pessimistic indeed. The exponential factor
only occurs when the number of protection domains is proportional to the num-
ber of nodes, as the pathological case in Example 4 shows.

Actually, each protection domain corresponds to a grant entry in the policy
file that defines the authorization state of the program: thus, the number of
protection domains depends on the security policy associated with the program,
rather than on the program size.

Thus, the worst-case complexity of the algorithm can be rewritten as:

O(e-INJ) = O(N))

where the constant ¢ depends on the number of protection domains in G. An
upper bound to the space complexity of the algorithm is:

O(max{|N|,|E[} - 21P¢l) = O(max{|N|,|E[})
where the exponential factor has been discarded by the arguments above.
Example 4. For any k > 0, let Dy, = {Dy,..., Dy}, and let Gy be the CFG:

N

E
Priv(n) = false for eachn e N
Dom(m;) = Dg foreachiecl.k
Dom(n;) = D; foreachiecl.k

{ma,...,mg, n1,...,nk}

where ¢(m;) = ¢(n;) = call for i € 1.k, and n = m abbreviates n — m and
m — n. As an example, the CFG Gj is depicted in Fig. 4.
For each ¢ € 1..k and context v C Dy, containing Dy, we have:

Jo.Gy>o:m; A y=T(o:m;)
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e—» . call =1 mso: call =1 ms: call
A A A
Dy y D>y Ds y
ny: call no: call ns: call

Figure 4: CFG for Example 4 (k = 3).

Let 7 = T P=(Gg, Perm) for an arbitrary security policy Perm. By theorem A.5,
it follows that v € 7in(m;). Then, |7, (m;)| = 2/PxI=1 = 2k = 2IN1/2,

A.5 Program transformations

Lemma A.11. Let n be inlineable in G. Then, for each state o,
Le(inly(o)) = Inly(Tg(o))

Proof. Let v = T'c(0), ¢ = inlau(o) and ¥ = T'y(6). We proceed by induction on
the size (number of nodes) of 0. The base case is o = []. Then, ¢ = [] by rule nl;,
v=4=0, and @ = Inl,(0) by rule Inl;.

For the inductive case, case analysis on the rule used to deduce ¢ = inl, (o) gives:

e case [inlp]: if o =o' : 0/, top(o’) # 1 and ¢’ = inl;(0’), then inly(0) =6 :n'.

Moreover, by condition (1b), it follows that n #— u(n’). Let v/ = T'¢(o’), and
4" =T(6"). There are two subcases, according n’ being privileged or not.

If Privg(n'), then v = {Domg(n’)}. By definition 5.4, we have that Priv(n')
and Domg (n') = Domg(n’). Since o /— p(n’), by rule Inls it follows that:

Inli(y) = Inla({Domg(n)}) = {Domg(n’)} = {Domg(n)} = 5

Otherwise, if =Privg(n’), then:

Inly(y) = Inly(y' U {Domg(n')}) as —Privg(n’)
= Inl;y,(y") Uinly({Domeg(n')}) by rule Inly
=4"U Inly,({Domg(n')}) by the ind. hyp.
= 4" U Inly({Domg (n')}) by def. 5.4
=4 U {Domg(n’)} by rule Inls
=5 as —Priv(n’)

e case [inls]: if o = o’ : n : n', then inly(oc) = ¢’ : n/, where ¢’ = inly(0').
Note that, by lemma A.1 and condition (1a), n — u(n’). Let v/ = I'¢(c’) and
4" =T (6"). We have to consider the following cases.

If Privg (n'), by definition 5.4, it follows that Priv(n’) and Domg(n’) = Dome (7).
Then, v = {Domg(n')} and ¥ = {Domg(n’)}, and, by rule Inl;:

Inli(y) = Inly({Domg(n')}) = {Domg(n)} = {Domg(n)} = ¥
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Otherwise, if —Privg(n’), there are two further subcases, according 7 being
privileged or not.

If Privg(n), then Privs(n') follows by definition 5.4, and:

Inly(y) = Inly({Domg (n)} U {Domg(n')}) as Privg(n), —=Privg(n’)
= Inl;,({Domg(n)}) U Inl,({Domg(n’)}) by rule Inls
= {Domg(n)} U {Domeg(n)} by rules Inls and Inl;
= {Dom(n')} by def. 5.4
=% as Priv(n')

Otherwise, if =Privg(n), then:

Inli,(v) = Inly (v U {Domg(n)} U {Domg(n')}) as —Privg(n), —Privg(n’)
= Inly,(v") U Inly({Dome () }) U Inl;,({Domg(n’)}) by rule Inls
= Inly(7") U {Domg(n)} by rule Inl
=4" U {Domg(n)} by the ind. hyp.
=4 U {Domg(n')} by def. 5.4
=7 as =Privs(n’) O

Theorem A.12. Let 7 be inlineable in G, and G be the n-inlined version of
G. Then, each trace of G corresponds to a trace of G, i.e.:

(00, m0) > -+ > (op,ak) == (00,30) Dy r Dy Ok, k)

where o¢ = [|, 2o = false, and &; = inly(0;) for each i € 0..k.

Proof. Consider the forward implication first. We proceed by case analysis on the rule
used to deduce (o, zi) > (0i11, Tit+1). We omit a detailed discussion of the cases >4
and D> caqtch, because they are treated similarly to the cases [> o and >ret, respectively.

e case [call]: (n)=call n—n'

c:np>o:n:n
Here 0;, =0 :nand oi41 =0 :n:n'. Let o' : n =inly(0 : n) = &;.

If n # n, then rule >.qu; yields:

ln)=call n—n' n#n

o inpl, o in:n

To show that ¢;4; = 0’ : n:n' = inly(o : n:n') = inly(oit1), it suffices to
note that rule inlz instances to:

inlpy(oc:n)=0":n top(oc:n)#n

inlp(oc:n:n')y=0":n:n

Otherwise, if n = n, then rules >;cue2 and inls give:

L(n) =call n—n' inlp(0) =6
o'l o in inlp(o:n:n')=06:n
To prove that ¢’ = &, assume first that o = []. Then, ¢’ : 1 = inly([n]) = [7]
implies that o’ =[], and ¢ = inl;([]) =[],
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Second, assume o = ¢” : n”. Condition (la), ensures that n'’ # 7, because,

otherwise, it would be n — u(n). Then, rule inly gives:

inlp (0" :n")y=¢ top(a” :n") #n

inlp(c” :n” n)=6:n

On the other hand, it is also ¢’ : » = inl;y (o : n). Therefore, o’ = 5.

case [ret]:
l(n') =return n--» m

/
o:m:npP>o:m
Let o’ : n’ = inly(0 : n:n'). We have to consider two subcases.
If n /= p(n'), let 6 : n = inly(o : n). Then, lemma A.l ensures that n # n,
hence rules inly and D>iyerr give:

inlp(o:n)=06:n top(oc:n)#n l(n') =return n--+ m A A/ un')

inlp(oc:n:n')=6:n:n' cin:n' DY, om

Then, 6 : m = inl,y (o : m) immediately follows by the fact that ¢ : n = inl; (0 : n).
Otherwise, if n — p(n'), let & = inly(0). Lemma A.1 and condition (1b)
ensure that n = n. Then, rules inls and >ete give:

inlyp(0) =6 l(n') =return n -—+ m n — pn')

inly(o:n:n')=06:n c:n' D, om

To prove ¢ : m = inly(o : m), observe that, since top(c) # n is ensured by
condition (1a), then rule inls instances to:

wnly (o) =06 top(o) #n

wmnlp(oc:m)=0d:m

case [pass]:
£(n) = check(P) o:nkFP n--+m

c:np>o:m
Let 6 : n = inly(o : n), and let 7 = TP~(G, Perm). By theorem A.5 and
constraint 5, there exist a context v € 7in(n) such that v =I'g(o : n). Then:

o:nkgpem P <= Pell(lg(o:n)) by theorem A.4
<= Pell(Inly(Tg(o:n))) by condition (1d)
< P eIl(l'g(inly(o:n))) by lemma A.11
<= Pell(ls(d:n)) by def. ¢ : n

= 0N perm P by theorem A.4

where o : n Fg perm P emphasises the fact that the relation - depends on a
given CFG G and security policy Perm. Then, rule > cpeck gives:

£(n) = check(P) 6:nkFP n--+m

G:n Dy 6:m

and ¢ : m = inly (o : m) immediately follows by the fact that 6 : n = inl;, (o : n).

44



e case [throw]:
’IL/ 7/—-)‘{
o:n'4>oy
If n /= p(n’), let & = inly(0). The condition (la) ensures that top(c) # n.
Then, rules inly and [>jcarcns give:

inly(o) =0 top(o) #n n' Ay h A p(n')

inly(o:n')y=6:n G:n'f Dy 64

Otherwise, if 7 — p(n’), then by condition (1b) and lemma A.1 it follows that
o =o' :n for some o’. Let & = inl,(0’). Then, rules inls and >icatcne give:

inlp(0') =& n' /4 n— uln')

inlp (o’ :n:n')y=05:n gin'g >, oing
To prove that & : 7 = inl;(c), observe that, since top(c’) # n is ensured by
condition (1la), then rule inly instances to:

inly(0') =6 top(o’) #n

inly(c’ :n)=06:n

For the backward implication, we proceed by case analysis on the rule used to
deduce (&, xi) > (Fit1,xit1). The function inl is bijective: given an inlined state
&, the original state can be recovered by inserting n before each n’ occurring in &
whenever 7 — p(n').

e case [icalll]:
{(n)=call n—n' n#n

/ n / /
o nby, o in:n
Since inl is bijective, let o : n be such that inl,(o : n) = o’ : n. Then:

l(n) =call n—n' inlp(0:m)=0":n top(oc:n)#n

c:n>o:in:n inlp(o:m:n')y=0":n:n
follow by rules .. and inlg, respectively.

e case [icall2]:
(n) =call n—n'

! . 2 ! !
o' N Dy o in

Let o : n be such that inl, (o : n) = o’ : . Then:

L(n) =call n—n' inly (o) =o'

oc:n>o:n:n inly(o:n:n')y=0":n

follow by rules >..u and inls, respectively.

e case [iret]]:
') =return n--+ m 7 /> un')

G:n:n DL, 6:m
Since 1 #/— pu(n'), by condition (1a) it follows that n # 7. So, let o : n : n’ be
such that inl,(c:n:n’) =¢:n:n'. Then:

l(n') =return n -+ m nlp(o:n)=0:n top(c:n)#n

o:n:n>o:m inlp(c:n:n')y=c¢:n:n

follow by rules [>re: and inlz, respectively, while & : m = inl, (o : m) immediately
follows by the fact that ¢ : n = inly(o : n).
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e case [iret2]:
£(n') =return N -+ m 1 — pn')

Gg:n' D, Gm
Let o : n’ be such that inl, (o : n') = ¢ : n’. Since n — p(n’), by lemma A.1
and condition (1b) it follows that top(c) = n, i.e. ¢ = o’ : i for some ¢’. Then:

l(n') =return n -—* m inlp(0) =6

/

o inin>o im inlp(oc:n:n)=6¢:n

follow by rules [>re: and inls, respectively, while & : m = inls (o : m) immediately
follows by the fact that ¢ = inlx (o).
e case [ithrowl]:
n' /- A= p(n)

g:n'4 D?nl g4

Let o : n’ be such that inl,(o:n') =5 :n'.

n' Ay inly(o) =0 top(o) #n

o:n'§>oy inly(o:n')y=6:n

follow by rules D> 0w and inle, respectively.

e case [ithrow2]:
SIS p——

gin'y DI, Gng
Let o : n’ be such that inl, (o : n') = ¢ : n’. Since n» — p(n’), by lemma A.1
and condition (1b) there exists a o’ such that o = ¢’ : n. Then:

n' /-y inly(c') =6

o:n'§>o inlp(c' :n:n)=06:n

follow by rules >0 and inls, respectively, while ¢ : 1 = inl; (o) immediately
follows by the fact that inl,(o') = &.

|
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B Java code for the e-commerce example

public class Browser {

public String[] getPrefs(String filename) {
try {
InputStream in = new FileInputStream(filename) ;
... // read prefs from in
} catch (Exception ex) {
Socket s = new Socket(...);
InputStream in = s.getInputStream();
// read prefs from in
}
return prefs;

}

public void changePrefs(String filename) {
try {
InputStream in = new FileInputStream(filename) ;
// read prefs from in, then asks the user for the new prefs
OutputStream out = new FileOutputStream(filename);
... // write prefs to out
} catch (Exception ex) {
Socket s = new Socket(...);
InputStream in = s.getInputStream();
// read prefs from in, then asks the user for the new prefs
OutputStream out = s.getOutputStream();
// write prefs to out

Figure 5: Java program for the client browser.
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public class Bank {
private int balance;

public boolean canpay(int account, int amount) {
AccessController.checkPermission(canpay) ;
Object res = AccessController.doPrivileged(new PrivilegedAction() {
public Object run() {
return new Boolean(readBalance(account) > amount);
}
b;
return ((Boolean) res).booleanValue();

}

public boolean debit(int account, int amount) {
AccessController.checkPermission(debit);
boolean res = false;
if (canpay(account, amount)) {
AccessController.doPrivileged(new PrivilegedAction() {
public Object run() {
writeBalance(account, readBalance(account) - amount);
res = true;
return null;
}
B;
}
return res;

}

public boolean transfer(int srcAccount, int dstAccount, int amount) {
AccessController.checkPermission(transfer);
boolean res = debit(srcAccount, amount);
if (res) credit(dstAccount, amount);
return res;

}

public void credit(int account, int amount) {
AccessController.checkPermission(credit) ;
AccessController.doPrivileged(new PrivilegedAction() {
public Object run() {
writeBalance(account, readBalance(account) + amount);
return null;

B

Figure 6: Java program for the bank server.
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w in[n] (= callln]) | trans[n] | catch[n]
0,2
2,4 U
4 TB,UB
13 TBS,UBS TBS UBS
14 TBS
4 TB,UB TB UB
5.6 TB
6,11 UB
11,15 TBS TBS
15,12 UBS UBS
12,16 TBS
16,7 UBS
7 TB,UB
13 T
3,8 U
8 TB,UB TB UB
9,10 UB UB
10 TB,UB
1,3 T T
3 U U

Table 6: Iterations of the worklist algorithm (client side).

w in[n] callln] | trans[n] | catch[n]
0,2 [¢] C
2.4 U U
4 CB,UB CB UB
5 CB B
20 BS BS
21 BS
5 CB B CB
6 CB
0,2 C C C
2,1 U U U
1 C C
12 CB CB
13 CB CB
7 CB CB
8 CB CB CB
9,11 CB B CB
11,10 CB
10,13 CB B
13,22 CB CB CB
22,14,15 BS BS
14,1523 | CB CB
15,23,16 CB
23,16,1,3 | BS
16,1,3,10 | CB CB
1,3,10,17 C C ¢
3,10,17 U U U
10,17 CB B CB
17 CB B CB
18 CB B CB
19 CB
14 CB CB CB

Table 7: Iterations of the worklist algorithm (server side).
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