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Abstract

Long-running applications such as network services re-
quire continuous uptime but also frequent changes to the
software. To avoid downtime for software maintenance,
applications must be updated at run-time. We describe a
system based on the ideas of aspect-oriented programming
(AOP) to manage such updates. Join points as defined by
AOP establish locations for code modification in a program.
We use these join points to guide software updates. Updat-
ing a system is a two-step process: the original (old) and
new (updated) versions of a software system are compared
and a list of update actions and pointcuts is constructed.
We present a case-study to evaluate the applicability of this
approach.

1. Introduction

Many applications such as file and authentication servers
require continuous uptime. Unfortunately such servers also
require updates, i.e., changes to the software. The reasons
for such changes range from correcting bugs to installing
new functionalities. Updating software usually consists of
installing the new binaries (among new configuration files),
stopping the application, and restarting it. However these
steps are problematic in an environment where users expect
uninterrupted availability. And since such servers are usu-
ally part of complex systems, restarting one of these servers
has often consequences for many parts of the overall system
— e.g., explicit and implicit caches are invalidated. Ideally,
applications can be updated at run-time without the need to
terminate the running application.

An approach often used to avoid downtimes of mission-
critical applications that rely on constant accessibility is
to build a redundant infrastructure with (manual) failover
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functionality [2]. A primary system is replicated in a
backup (stand-by) system. In case of maintenance work
on the primary system, the user requests are transparently
redirected to the backup system that mimics the operations
of the primary system. While the primary system is of-
fline, the application can be updated to the latest version.
In many environments, such a solution generates costs for
additional hardware (e.g., servers and shared storage sys-
tems) and software licenses. Failover may be difficult to
configure (and maintain), leading to inconsistencies.

Aspect-oriented programming (AOP) [12] has been pro-
posed as complement to traditional (class-based) object-
oriented programming (OOP) to improve modularity of
software systems. The basic premise of AOP is that there
exist activities that are common to a set of classes, but the
code for these activities cannot fit into the inheritance struc-
ture of an OOP program. E.g., the code may logically be-
long to multiple classes. As this so-called cross-cutting be-
havior is “scattered” among classes, the software base is
hard to maintain and difficult to evolve. AOP tries to solve
this problem by encapsulating the cross-cutting behavior in
another kind of module (i.e., aspects). Through the sepa-
ration of cross-cutting as well as normal (“‘core”) behavior,
the development and evolution of the entire system become
easier.

An aspect consists of the specification of the place where
it should be installed and of the description of the additional
code. A join point is a point in the program where dur-
ing execution some additional action could be taken. Join
points can be, e.g., method invocation or termination, field
accesses or assignments, or non-local control transfers like
throws. Pointcuts specify signature patterns that select the
join points.

Aspects must be merged with the core classes to produce
the final (complete) application, and this step is usually re-
ferred to as weaving. Different AOP systems position weav-
ing at different times in the compile-load-execute sequence,
i.e., some systems invoke the weaver at compile time, others
at load time, and some systems allow weaving at run-time.
Aspect] [11], a widely used AOP system, supports static



(load-time or earlier) weaving. PROSE [15, 18, 19] is a
dynamic AOP system that allows the user to weave and un-
weave aspects at run-time. In PROSE, aspects and crosscuts
are defined by subclassing respective Java classes.

AQP provides a model to modify a software system af-
ter it has been released and installed. We want to exploit
this model (and the infrastructure that has been developed
for AOP systems) for software updates. We consider two
contributions of AOP as important for an evolution system:
First, weaving allows an application to be modified at run-
time. Second, pointcuts provide a mechanism to specify
where the code modifications must be applied.

The focus of traditional AOP is to identify cross-cutting
behavior and appropriate code that can be added to realize
the cross-cutting behavior. In this paper, we investigate how
a dynamic AOP system can handle the evolution of core
classes in an object-oriented programming language such
as Java. Examples are based on Java, but the concepts pre-
sented in this paper are not tied to this language and can
be applied in other contexts as well. The run-time evolu-
tion system must support the dynamic update of the run-
ning application. Dynamic updating refers to the process of
bringing a running application to the latest version without
stopping its execution; this requires the addition, removal,
and modification of code to evolve the application from one
version to the next version.

Before we explain in detail how an AOP system can be
used to realize general updates in a running application, we
first review related work in Section 2. Note that we use
AQP as a tool to accomplish software updates. In this pa-
per we do not explore how to structure the software source
changes in terms of aspects; instead we want to explore to
what extend the AOP model provides a framework to in-
stall software changes. There may be some changes to a
software that go beyond what can be expressed as changes
at join points. However, our (very limited) initial investi-
gation shows that there are also many changes that fit this
model. And in this case, AOP may provide a simple path to
realize dynamic software updates of applications, without
the need to take down the application.

2. Related work

Several software-based approaches exist on how to han-
dle updating an application. We first discuss systems that
exploit the dynamic linking capability to realize updating at
run-time. Then we present a system adapting the applica-
tion at load-time. Although this system does not perform
run-time software updating, it relates to our approach in the
way adaptations to the original software are specified.

2.1. Updating with dynamic linking

Neamtiu et al. [8, 14] propose a dynamic software up-
dating (DSU) system for C. The compiler combines code
rewriting and a suite of static analyses. Initially, the first
version of a program is compiled to be updatable. The com-
piler performs static analysis to aid the programmer in find-
ing update points.

To prepare for function evolution, a global function
pointer is created for each function. Functions are renamed
to include version information. Wrapper functions call then
the appropriate version of the function. Type evolution is
handled by wrapping the original type and adding a version
number and fixed-size extra space to prepare for eventual
growth of the type over time. For each field access, the
compiler inserts code to return the underlying representa-
tion.

When it is necessary to move to a new file version, the
developer feeds the old and the new version into a patch
generator. The patch generator identifies the modified def-
initions of global variables, functions, and types. For each
changed definition, a type transformer function is gener-
ated to convert existing objects to conform to the new type
definition. The developer completes the functions by pro-
viding explicit conversions. Additionally, she writes state
transformer functions to convert global state. The DSU
compiler introduces initialization code, which is executed
at update-time to change the function indirection pointers,
install the type transformer and state transformer functions.
Unchanged definitions are declared extern so that the re-
sulting C file can be compiled with a standard GCC com-
piler.

The patch file is dynamically linked into the running
application. While this system contains many interesting
ideas, C is not an object-oriented language and issues such
as inheritance and polymorphism do not exist. The object
evolution is limited by the fixed amount of extra space re-
served in the initial version. To overcome this problem,
Neamtiu et al. suggest using indirection to the type defi-
nitions for the cost of an extra dereference per access [14].

Hjalmtysson and Gray [9] present an approach based on
dynamic linking for C++. Abstract proxy classes define the
interface that must remain constant over all versions. Each
new version is another subtype of such a proxy class. Al-
though new versions can add methods other than those de-
fined in the abstract proxy class, these methods cannot be
called from other classes. Therefore the approach is limited
to changes that preserve the initial interface of the class.
Object evolution is not supported; old objects exist as long
as they are used. New objects are created always with the
latest versions. Furthermore, inheritance is restricted be-
cause of the abstract interface classes.

A similar approach for Java based on wrapper classes



is discussed by Orso et al. [16]. Addition, deletion, and
modification of classes is supported. Newly added classes
are lazily loaded on the first reference. When classes are
removed, the garbage collector deallocates existing objects
of the removed classes. Class modifications are handled via
proxy classes; therefore the interface cannot be changed.
The run-time system is not aware of the versioning support.

Our solution does not limit the growth of the objects. We
do not use wrappers or proxies for accessing types and func-
tions as we rely on the run-time system to directly adapt the
run-time structures of classes and objects. Therefore, the
system we describe does not impose a performance over-
head during execution of a program. Finally, changes to the
visible interface of an application are allowed.

2.2. Load time adaptation

Binary Component Adaptation (BCA) [10] allows the
modification of Java classes while they are loaded. This
work targets the problem of integration and evolution of
third-party components. To integrate such a component, the
developer provides a delta class describing the differences
between the original class file and the desired application-
specific variant. At load time, the internal structure of
that component is modified to reflect the adaptation. With
this technique, it is possible to express binary incompatible
changes [6].

The load-time approach does not target the update of
running applications. The delta classes must be pro-
grammed manually by the developer. With the delta classes
only the adaptation of one specific version to another ver-
sion or component may be accomplished. Continuous evo-
lution or adaptation of an application is difficult as the delta
classes have to be programmed manually.

We address the continuous evolution of applications at
run-time. Our approach provides for an automatic deduc-
tion of the differences between the versions. Our work is
influenced in particular by the idea of how to describe the
difference between two versions.

3. An approach to dynamic updating

In the following we describe the architecture for our sys-
tem to update an application at run-time without the need
to interrupt the application’s execution. Given the classes
of both versions of the application, there is a delta function
from the old version to the new version. Consequently, ap-
plying such a delta function to the old version results in the
new version (see Figure 1). We propose to express this delta
function with aspects, which can be woven into the applica-
tion at run-time.

Before describing the architecture of our system, we list
our assumptions and the required properties of the system.

Class A (v1)

Class A (v2)

Class B (v1)

delta [ Class C (v1)
function

changing A
changing B _ Class D (v2)
removing C

adding D

Figure 1. Delta function

(1) The updating mechanism should have the property
that after updating the application, the updated version has
the same behavior as the new version. In other words, the
updater produces exactly the program that the developer
wanted to see installed.

(2) Furthermore, any full version of the application
should be available to the customers as new customers
should not be forced to start with the very first version and
then apply all available updates.

(3) The developer should not need to be aware about
the updating mechanism when programming and evolving
the application code. This means she should not be forced
to exclude certain language features, include specific inter-
faces, or use a particular platform.

Property (3) is hard to realize. Consider the addition
of fields to class definitions. When a field is added to the
application, it must be initialized not to break any invari-
ants imposed on the field’s value. To initialize new fields
correctly, the programmer may supply an “update construc-
tor”, similar to the type transformer functions as suggested
by Neamtiu et al. [14]. Involving the programmer in the
updating process by providing “glue code” or excluding the
addition of new fields conflicts with property (3).

We want to point out a reasonable limitation of the sys-
tem. The updating mechanism does not take into account
other components that use the evolving application. Con-
sider a client-server system where the server runs continu-
ously and is updated at run-time. Clients evolve with the
server but are not subject to run-time updating. When a
new version of the server is installed, clients may not yet
have been updated and may connect to the updated server.
As the visible interface of the server might have changed,
the client may experience undefined behavior.

The architecture of the system to manage software evo-
lution is visualized in Figure 2. The compiler computes the
difference of two versions of a given component guided by
a set of updating rules. As an example, consider the renam-
ing of a method. An updating rule may state that if two
method bodies and the signatures are the same and only the
two names differ, the method was renamed.

The programmer may be involved in the updating only if
these rules are not enough to reconcile the two versions. A
static analysis of the two versions determines whether the
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system can be updated using aspects; if it is not possible
to update the old version, the programmer may be able to
modify the new version to be compliant with the updating
rules (or, if this is acceptable, fall back on a conventional
software installation that restarts the service). Modifica-
tions that cannot be handled by this evolution system are,
e.g., modifications of third-party libraries.

The static analysis produces version differences (called
vdiffs) which describe the delta function from the old to the
new version. The vdiffs serve as input to the aspect genera-
tor as well as input for a software development tool (e.g., an
IDE such as Eclipse) to visualize the differences to the pro-
grammer. The aspect generator determines an ordering for
updating class and method definitions. For new attributes,
the aspect generator provides a default initialization, which
must be completed by the programmer.

The programmer may additionally develop cross-cutting
aspects. For now, we do not consider the evolution of the
cross-cutting aspects themselves. The updating aspects and
the cross-cutting aspects can be compiled and shipped to the
customer.

The aspects are input into the run-time system. In our
case, the run-time system is based on an aspect-enabled vir-
tual machine (VM) such that we can control and manipulate
the execution of the application. This VM must guarantee
that after an update the application is left in an updated and
consistent state. The ordering deduced by the aspect gener-
ator enforces that the state of the application will be consis-
tent. The PROSE system provides a proof of concept that
such an aspect-enabled JVM can be implemented but other

VMs may also serve in this role.

Updates cannot happen at any time. The VM needs to
be aware when an update cannot be safely applied; in ad-
dition, there may be outside constraints such as a desire (or
requirement) to avoid updates during high load periods.

At the next safe evolution point, the aspects are woven
into the running application. A safe evolution point implies
that a join point is reached and the join point is not part of an
active method call. The run-time structures of classes and
methods are modified. Proper ordering of the update actions
is important to guarantee consistency. E.g., a method defi-
nition must not be deleted as long as there are calls to this
method. Existing objects must be transformed to conform
to the updated class definition.

We identify two main challenges to be explored for such
an evolution system. (1) What are the criteria to decide if
update is possible? (2) Given a positive decision for updat-
ing, what are the criteria that the update is valid?

The following describes the compilation as well as the
weaving phase in more detail.

3.1. Generating vdiffs and aspects

The compiler analyzes two versions of a given class to-
gether with version differences (vdiffs) computed from these
versions. Character-based tools (e.g., diff) do not take
into account structural and syntactical information of the
source code. Alternatively, syntactical information can be
stored in an abstract syntax tree (AST) with the differences
being operations on the graph [13]. As we want to integrate
the vdiffs into a software development tool, we need to pre-
serve the programmer’s view on the source code. Maletic
and Collard [13] propose meta-differencing using an XML
representation of the source code annotated with parts of the
AST that provides this mapping.

The updating aspects are generated from the vdiffs. This
process is relatively straight-forward for binary compatible
changes. Binary compatible changes [6] should aid devel-
opers in evolving their libraries which are used by clients:
“A change to a type is binary compatible with preexisting
binaries if preexisting binaries that previously linked with-
out error will continue to link without error.”” ([6], page
339). This basically states that the visible interface must re-
main the same. The visible interface contains all members
that are accessible from outside the defining class, i.e., the
access levels public, protected, and package in Java.

Although described for components of different origin,
we can apply the rules for an updating system as well:
Adding new fields, methods, or constructors to a class can
be done without breaking binary compatibility — an addi-
tional method does not have any influence to existing code.

Modifications that result in a program that is not binary
compatible break the visible interface of classes. Other



dynamic updating systems exclude modifications regarding
the public members [9, 16]. This restriction limits the evo-
lution of the application and reduces the expressiveness of
the programmer. In Section 4 we show that binary incom-
patible changes happen frequently, e.g., public methods are
removed or the access level of a method is changed from
public to private. Changes that destroy binary compatibility
are more difficult to handle. The updating system needs to
determine an ordering for the correct weaving.

3.2. Algorithms

In the following, we describe the algorithms for the com-
putation of version differences, the correct weaving order
and the deduction of aspects. First, the version differences
are extracted. Second, we determine the correct ordering
and grouping of the updates. In the last step, the aspects can
be deduced based on the version differences and the correct
ordering.

Determine the version differences Given all classes of
two versions of an application, we construct three subsets:
(1) the intersection of the classes of version 1 and version 2
gives the set of the enduring classes, (2) the classes of ver-
sion 1 minus the enduring classes provides the classes that
must be removed from the new version, and (3) the classes
of version 2 minus the enduring classes result in the classes
to add to the new version. Figure 3 illustrates the subsets.

Note that the elements of the set containing the enduring
classes are pairs of (versionl, version2) classes. The ele-
ments of the class pairs have to be compared to distinguish
between modified and unchanged classes. Two classes are
equal if their headers and all their members (i.e. fields and
methods) are equal. Class members are parsed and paired
as described above. Member pairs are compared according
to their properties — e.g., two fields are equal if the names,
types, access and property flags are equal. The version dif-
ferences are expressed as a set of differences for each class
including its methods and fields. See Algorithm 1 in the
Appendix.

Impose the correct ordering and grouping For all the
classes in the new version of the application, we construct
a dependence graph. There is an edge from class A to B
if A depends on a class B, i.e., (a) A calls a method of
B, (b) A accesses a field of B, or (c) A extends B. All
classes in a strongly-connected component of this depen-
dence graph must be updated atomically. These classes de-
pend on each other and consistency of the updating can only
be guaranteed by generating one aspect containing these
changes. The correct ordering can be obtained by travers-
ing the strongly-connected components in breadth-first or-

modified classes

version 1 version 2

removed classes unchanged classes added classes

Figure 3. Set operations on two versions

der. The algorithm is illustrated in Figure 4 and listed in
Algorithm 2.

SR YA NS

(c) Breadth—first
traversal

(a) Class graph (b) Strongly—connected

components

Figure 4. Correct ordering

Construct the aspects For each strongly-connected com-
ponent an aspect is generated taking into account the ver-
sion differences in the order as imposed by the breadth-first
traversal of the strongly-connected components. No aspects
are generated for new classes as they will be loaded when
they are used. A deletion entry is included for removed
classes.

Example We provide an example to illustrate these three
steps. Figure 5 shows two versions of an application with
their respective classes and methods. Class E is removed
from the new version, class D is added to the new version,
and classes A, B, and C have been modified to adapt to this
new situation. In the first step, the version differences are
generated and in the second step, the correct ordering and
grouping for all classes is imposed. The last step consists
of identifying the aspects. All three steps are shown in Fig-
ure 6.

3.3. Weaving the aspects

The aspect-enabled VM needs to deal with three differ-
ent kinds of changes; classes may be added, removed, or



Version 1 Version 2

E: e) { ...} —

A a() { ee() } | A a() { cc()}

cc() }

B: b() { cc()}|B: bl() { cc()}
b2() { ... }

C:c) { bb()}|C: c) { bb2()}

d.d() }
— D: d() { }

Figure 5. Example: Two application versions

I. Vdiffs

e addedClasses = {D}
e modifiedClasses = {A, B, C} with

- A.modifiedMethods = { a()
- B.modifiedMethods = { b()
- B.addedMethods = { b2() }
- C.modifiedMethods = { ()

e removedClasses = {E}

}
}
}

I1. Ordering and grouping

1. add = {D,B.b2()}
2. modify = {A,{B, C}}
3. remove = {E}

II1. Aspects

e aspectl { B.b2() {...} }

e aspect2 { rename B.b() to B.b1();
replace C.c() with { b.b2(); d.

e aspect3 { replace A.a() with { c.c() } }

e aspect4 { remove E }

d0; }}

Figure 6. Example cont.: Algorithms

modified. A newly-added class will be loaded the first time
it is used. Its usage (i.e., another class creates an object of
this class) will be captured by an aspect updating the client
class to the next version.

To remove classes, we must ensure that the class is no
longer used by any other class in the application. Clients
of the class to be removed have been modified in the new
versions; this is reflected in the respective aspects. Once
all clients have been updated, the objects of a class to be
deleted can been removed by the garbage collector and then
the class itself can be removed.

Updating modified classes is challenging as the run-time
structures of the classes must be modified. Methods may be
added, modified, and deleted requiring the adaptation of the
virtual method tables. A method may have to be recompiled

even though it did not change itself but a method that it
invoked. Existing objects must be updated to conform to
changed class definition. In the following, we describe the
evolution of objects and methods.

Object evolution. There are two issues to be dealt with:
The first concerns when objects can be updated. The second
issue considers the representation of objects such that an
update is possible at all.

Instead of migrating objects during update time,
Neamtiu et al. [14] suggest a lazy approach. The objects
are updated on a per-access-basis during program execu-
tion. This approach reduces the update time as not all ob-
jects need to be found and updated, but the approach also
makes each access more costly.

In object-oriented languages such as Java or C#, we can
make use of a copying garbage collector during update time.
The copying garbage collector traverses the object graph
and copies the live objects to a new location. While travers-
ing the object graph, the garbage collector checks for mod-
ified and removed class definitions. Objects with new class
definitions are updated before moving; objects of removed
classes are left behind. Note that this system does not pre-
clude the use of a non-copying garbage collector at other
times. For object representation we need to consider that (1)
objects tend to grow over time and that (2) existing meth-
ods are compiled such that they refer to a field in terms of
an offset of the object’s address.

Neamtiu et al. [14] suggest a simple padding scheme.
The wrapper type allocates a fixed space for future space
requests by putting the type definition in a union. The
new types simply overwrite the old data in the same stor-
age. Although object transformations are simple to han-
dle, memory space is wasted and evolution is limited by the
fixed size of the padding. The cache locality of the data is
changed.

We propose two different schemes — the first wastes
some space, but does not require existing methods to be
recompiled; the second does not waste space, but existing
methods must be recompiled.

Figure 7 shows an inheritance hierarchy with two
classes A and B with B extending A. A and B define the
attributes a and b. In the next version, A adds attribute aa;
class C extends class A and introduces a new attribute cc.

The first scheme is an incremental coloring algorithm
based on a graph coloring algorithm to build virtual method
tables (VMT) for object-oriented languages with multiple
inheritance such that the methods in each subclass have the
same index in the VMT [4]. As Java does not support mul-
tiple inheritance, we do not have to create conflict graphs
and conflict tables. Instead we can simply traverse the class
graph and assign the colors to each attribute. The colors de-
scribe the offsets of the fields relative to the starting address
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PARAN 0:a
B: b B:b C:cc
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0:a 0:a 0:a
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(a) Version 1 (b) Version 2

Figure 7. Incremental coloring algorithm

of the object. Furthermore, our algorithm is incremental
with respect to the different versions. For each new ver-
sion, the class graph must be traversed again, but colors of
the earlier versions remain thereby guaranteeing that the old
field offsets are not modified.

For each class, we store the colors of its attributes and the
respective colors of its subclasses. Initially no colors are as-
signed. The class graph is traversed in a depth-first fashion.
For each class, the colors are assigned to all attributes, such
that the minimal color of the known colors is selected.

Figure 7 illustrates the algorithm. The algorithm works
incrementally such that assigned colors remain unchanged
over the versions and only for newly added attributes the
color is assigned. Is an attribute deleted, its color can be
reused. Therefore we can guarantee that the field offsets
remain the same. There is still some space wasted, but we
do not impose a limit to the growth of types (as opposed to
Neamtiu et al. [14]). Performance of the updating itself is
not influenced, as the traversal of the class graph is done at
compile time.

As an alternative, we can use the ability of many VMs [1,
5, 17] to recompile and replace methods at run-time for ob-
jectevolution. This second scheme neither poses limitations
on the growth of the objects nor wastes space as we allow
the object layout to be changed for the price that methods
must be recompiled. When new attributes are added to a
class, the compiler reassigns all offsets — this corresponds
to the color assignment in the very first versions. Figure 8
shows this assignment.

As a consequence, we need to (1) move fields of existing
objects to their new place and (2) recompile existing meth-
ods accessing the old fields. The static analysis annotates
methods with the attributes they access. At run-time, the
methods involved in object layout changes are recompiled
to reflect the changes in the field offsets of the objects.

Method evolution. If new methods are added or removed,
the virtual method tables of the respective classes must be
updated. Addition of members may be handled by static

A:a A:a
T A: aa A
AN 0:a
B: b B:b C:cc 1:aa
B: B: C:
0:a 0:a 0:a
1:b 1: aa 1:aa
2:b 2:¢c

(a) Version 1 (b) Version 2

Figure 8. Recompilation algorithm

crosscutting as proposed by Aspect/J[11]. Java supports
multiple inheritance only on the interface level, and there-
fore we can use the coloring algorithm as proposed by
Dixon et al. [4] on an incremental basis as shown above.

4. Evolution study

We developed a tool to analyze version differences of
Java class files. Based on the ASM Java bytecode manipu-
lation framework [3], we implemented the algorithm to con-
struct the version differences (see Algorithm 1). Given the
version differences report, we studied how an application
evolves over several versions extracting different kinds of
changes and their occurrence. With this case study we try
to answer the following questions:

(1) Kinds of changes: What are common changes, also
with respect to the access levels? How does the visible in-
terface change?

A practical dynamic updating system must handle com-
mon changes efficiently. This tool enables us to study dif-
ferent applications and classify possible changes according
to their occurrence. The visible interface is changed when
members are added to or removed from a class. Other ap-
proaches (see Section 2) do not handle the changes of the
visible interface. If changes to the visible interface of an
application are common, a dynamic updating system must
support updates to the visible interface as well.

(2) Applicability of a aspect/join points model: Can the
common changes be handled by using a join point model
and modeling the changes as aspects?

We studied the evolution of a small client-server applica-
tion written in Java following six major versions. The ETH
Lecture Communicator (lectcomm) is a tool developed at
ETH Zurich [7, 20] to be used during lectures to improve in-
teraction between the lecturer and the students. The system
is based on a network infrastructure (e.g., a Wireless LAN)
and portable computers brought to class. Students connect
via a Java applet to the server operated by the instructor.
The tool enables the instructor to perform in-class online-



assessments and facilitates organized instant communica-
tion for big classes. Students themselves can ask questions,
which are rated by other students, so the instructor can an-
swer questions with a high priority first.

Table 1 gives an overview of the application size in terms
of numbers of members distinguishing between the access
levels of the members. While the number of protected
member remains approximately the same over all versions,
the numbers of public, package, and private members aug-
ment.

Table 1. Member evolution by access level

0.5 0.6 0.6.1 | 0.6.2 | 0.7 1.0rc
public 578 696 712 798 825 836
protected 52 57 57 65 67 67
package 276 316 324 379 400 403
private 410 482 490 552 597 608
# Members | 1316 | 1551 1583 | 1794 | 1889 | 1914
# Classes 182 219 224 248 260 263

We show the most common changes in Table 2. On a
class level, the inheritance hierarchy is changed by chang-
ing the superclass of a type of by implementing other in-
terfaces. For fields, the most common change regards the
access level. Sometimes the type and rarely the initializa-
tion value are adapted. Methods bodies are changes most
frequently. Access levels vary seldom, and exceptions are
rarely modified.

Table 2. Kinds of changes

0.5 0.6 0.6.1 0.6.2 0.7

‘ - 0.6 ‘ - 0.6.1 ‘ -06.2 ‘ -07 ‘ - 1.0rct
Class header
SuperName 2 0 2 3 1
Interfaces ‘ 12 ‘ 1 ‘ 3 ‘ 4 ‘ 0
Fields
Access 11 1 0 0 2
Type 0 0 0 0
Value 1 1 3 1 3
Methods
Access 4 1 6 1 0
Signature 0 0 0 0 0
Exceptions 1 1 0 0 1
Body 106 32 62 35 133

For a more detailed analysis of the changes of the method
bodies, we count the number of changes within a method.
One change refers to the change to one bytecode instruc-
tion or to a consecutive list of changes to bytecode instruc-
tions. Figure 9 shows a histogram for all versions plotting
the number of methods modifying a given percentage of
the method bodies. Most changes influence 10-20% of the
method bodies.

Figure 10 aims to answer the question about the changes
to the visible interface of the application. It visualizes the
removed and added members which have the access levels

o — —— - oy
10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% | 100%
——0.5-0.6 34 n 6 5 3 2 0 0 0 0
——0.6-0.6.1 14 5 1 1 0 0 0 0 0 0
—4—0.6.1-0.6.2 27 9 4 2 0 0 1 0 0 0
—>—0.6.2-0.7 15 7 0 0 0 0 0 0 0 0
—*—0.7-1.0rc1 42 25 3 2 1 0 0 0 0 0

Figure 9. Changes to the method bodies

public, protected, and package. We can see that the vis-
ible interface is always changed between the versions. In
this particular application more members are added then re-
moved.

350 -
300 4 —
250 A
200 A
150 4
100

] ﬂ M

0.5-0.6 0.6-0.6.1 | 0.6.1-0.6.2 | 0.6.2-0.7 | 0.7-1.0rc1
E Removed 27 2 3 5 4
O Added 298 42 177 84 27

Figure 10. Visible interface modifications

Class evolution is shown in Table 3. The majority of
classes are not modified (around 60% from version 0.5 to
version 0.6, and around 80% from version 0.6 to the ver-
sion 1.0rcl). 12-40% of the classes are modified, very few
removed. Initially 20% of the classes are modified, then
less then 10%. Looking at the evolution of the fields (see
Table 3, the the majority of the fields remain the same. In
every version fields are added, but rarely removed or modi-
fied. Method evolution (in Table 3) follows the same trend,
but methods are changed more frequently.

For our dynamic updating approach we can fix the join
points not only at the method boundaries, but even at ba-
sic block boundaries. Working with smaller updates influ-
ences the weaving process. Join points on a basic block
level allow fine-grained changes to methods. With an aspect
model, version updates may be handled directly and effi-



Table 3. Evolution of classes, fields, and methods

0.5- 0.6 [0.6 —0.6.1 [0.61—~062 [062-07 [0.7 - 1.0rc1

no. | % | no. ] % | no. | % | no. ] % | no. | %
Class evolution
Unchanged | 112 | 61.5% | 191 87.2% | 186 83% 219 | 88.3% 185 | 71.1%
Modified 69 | 37.9% 27 | 12.3% 38 17% 29 | 11.7% 75 | 28.8%
Added 38 20.9% 6 2.7% 24 10.7% 12 4.8% 3 1.2%
Removed 1 0.5% 1 0.5% 0 0.0% 0 0.0% 0 0.0%
Field evolution
Unchanged | 467 | 92.1% | 587 | 99.7% | 594 | 98.8% 673 | 99.1% 703 | 98.7%
Changed 13 2.6% 2 0.3% 3 0.5% 1 0.1% 5 0.7%
Added 109 | 21.5% 12 2.0% 82 | 13.6% 38 5.6% 15 2.1%
Removed 27 5.3% 0 0.0% 4 0.7% 5 0.7% 4 0.6%
Method evolution
Unchanged | 639 | 79.0% [ 917 | 95.3% [ 901 | 91.8% [ 1070 | 96.0% | 1038 | 88.2%
Changed 106 | 13.1% 32 3.3% 65 6.6% 35 3.1% 133 | 11.3%
Added 217 | 26.8% 33 3.4% | 149 | 15.2% 72 6.5% 20 1.7%
Removed 64 7.9% 13 1.4% 16 1.6% 10 0.9% 6 0.5%

ciently without adding indirections for every version. Other
approaches mentioned in Section 2 continue to add layers
of indirections. Considering the evolution over several ver-
sions and years, the performance of these applications de-
grades. Once the aspect-enabled VM has woven the aspects
into the run-time system, the performance of the updated
version should approach the performance of the new ver-
sion of the application.

Although we publish only the analysis of a single ap-
plication, the results provide an idea about the number and
types of changes. The analysis of applications is important
for this work to determine the kinds of changes that happen
frequently and that therefore must be supported efficiently.

5. Concluding remarks

We present an approach to support software evolution
at run-time based on the ideas of aspect-oriented program-
ming. The compiler analyzes the classes of two complete
versions of an application to generate aspects automatically
from the version differences. Aspects allow to specify ver-
sion differences in a fine-grained way. We rely on the
aspect-enabled VM to include the aspects at run-time and to
adapt run-time structures of classes and methods. Objects
may be upgraded to conform to the new class definition with
a copying garbage collector. We discuss two schemes to
adapt existing objects to the change of class definition. We
do not need wrappers or indirections to access the classes
and methods and thereby avoid performance overheads.

The two core concepts of AOP, i.e., the pointcut defi-
nition to capture points in the program execution and the
weaving technology to merge aspects into a given appli-
cation at run-time, can support the continuous evolution
of long-running applications. Further empirical studies are
necessary to explore when this approach can be applied in
practice. Our initial investigation is encouraging but far
from conclusive. Furthermore, an architecture for a dy-

namic updating system as described here may provide addi-
tional opportunities to support the software evolution. Since
the old and new software versions must be compared, it may
be possible to provide the maintainer or installer with sum-
maries of how the software is evolving. Such summaries
may help later to understand how the system was changed.
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Appendix

Algorithm 1 The version differences

A WD~

g\kll

10:
11:

12:
13:
14:
15:

16:
17:
18:
19:
20:
21:
22:

23:
24:
25:
26:
27:
28:
29:
30:

: /* Construct subsets of classes: */

: enduringClasses < classesV1 N classesV2

: removedClasses < classesV1 \ enduringClasses
: addedClasses « classesV2 \ enduringClasses

: for all class pairs (cV1, cV2) € enduringClasses do

/* check class pair: version, access, name, signature, su-
perclass, interfaces */
hdiff «— cV1.compare (cV2)

/* Construct subsets of members: */

enduringMembers < cV1.members N cV2.members
removedMembers «— cV1.members \ enduringMembers
addedMembers < cV2.members \ enduringMembers

for all member pairs (mV1, mV2) € enduringMembers do
/* check member pair: */
/* for fields: access, name, type, signature, value */
/* for methods: access, name, parameters, return value,
signature, exceptions, body */
mdiff < mV1.compare (mV2)
if mdiff then
changedMembers.add (memberPair (mV1, mV2))
else
unchangedMembers.add (mV1)
end if
end for

/* Has class changed? */
vdiff < hdiff or mdiff
if vdiff then
changedClasses.add (classPair (cV1, cV2))
else
unchangedClasses.add (cV1)
end if
end for

Algorithm 2 The correct weaving ordering

1:

for all cm € new classes and new members of existing classes
do
cm.order «+— MIN

: end for

4: for all cm € removed classes and removed members of exist-

ing classes do
cm.order +—— MAX

: end for
: for all classes in the new version do

construct a dependence graph

: end for
: for all ¢ € strongly-connected components do

c.order < level

: end for




