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The original context-oriented programming approach does not provide dedicated
means for the representation of event-specific context-dependent behavior. In this re-
port, we motivate both the need for event-specific context-dependent behavior and
appropriate constructs provided with our JCop programming language extension in its
support. We present both a reimplementaion of an example discussed previously to
show the improvement achieved based on the application of our newly introduced lan-
guage constructs and a service-based application which we set up to evaluate JCop in
a distributed environment.

1 Introduction

With the increasing demand of personalization and mobility of applications, context
awareness gets a distinguishing feature for software systems. Context-aware appli-
cations consider context-information, which can be any information computationally
accessible, for individual computation. Depending on their context, actors regard a
software system from different perspectives. Actors can be objects of the system itself,
software developers, or end-users. More formally, a context is constituted by predicates
that evaluate its presence and a set of behavioral variations that reflect the context-
specific behavior. Context-specific behavior variations are often crosscutting concerns
whose implementation is scattered over a decomposition. Therefore, a major task for
context representation is the modularization of these crosscutting concerns. Besides
modularization, context-specific concerns require means for fine-grained expression of
their composition.

Context-oriented programming [5] (COP) is an approach to represent context-
specific concerns that focuses on dynamic composition of control flows. COP allows for
the definition of layers, cross-cutting modules that encapsulate behavioral variations.
Layers are composed at run-time to the system behavior that is required in a certain
context. In general, a context can appear at any point in an execution graph. Moreover,
at the same time, several clients can regard an object from within different contexts. For
these control-flow specific contexts, COP provides the with statement, a construct that
allows for the composition of layers for the dynamic extent of a specific computation.

In this paper, we report on our recent research on context-oriented programming.
We present JCop, a COP-based programming language with explicit support for event-
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specific context. Moreover, we discuss the development of context-aware service-
based systems and their implementation using COP.

Section 2 gives an overview of COP and ContextJ. Section 3 motivates the need for
explicit support of event-based context that is addressed by JCop, which is presented
in Section 4. Section 5 reports on another thread of our research, the adoption of COP
in service-based applications. A summary and next steps are provided by Section 6.

2 Context-oriented Programming for Java

Our research is based on the context-oriented programming approach. In the following,
we give an overview of COP and ContextJ [2–4], our earlier COP language extension
to Java.

2.1 Context-oriented Programming

Context-oriented programming [5] (COP) addresses the development of systems,
whose behavior varies depending on their context of use. In most cases, a behav-
ioral variation is not implemented by a single object; instead, it is distributed over a
team of collaborating objects. Such distributed functionality is denoted as crosscutting
concern [6]. The modularization and composition of crosscutting concerns requires
additional language abstractions beyond object-oriented programming. COP allows for
the convenient expression of behavioral variations that cut across a system’s domi-
nant decomposition. Context-dependent functionality is explicitly represented and can
be dynamically composed at run-time. Context that requires a composition of behav-
ioral variations can be everything that is computationally accessible [5], such as state,
control flow, or properties of the system’s environment.

Layers. Behavioral variations are implemented by layered methods that consists of
a base method definition and at least one partial method definition, which is defined
in a layer. A base method denotes the Java method definition that is executed when
no active layer provides a corresponding partial method. A partial method definition
implements the functionality of a behavioral variation that extends or overrides a base
method definition for the time the layer is active.

Dynamic composition. Layers can be composed at run-time. Invocations of layered
methods are first send to their active partial method definitions. During its execution,
a behavioral variation can proceed to a corresponding partial method in another active
layer or, if such method does not exist, to the base method definition. If more than
one active layer provides a partial definition for a layered method, the order of layer
activation defines the proceed chain, in which the layer activated last is accessed first.
Per default, layer activation is scoped per thread and to the dynamic extent of a block
of statements.
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2.2 ContextJ

The ContextJ1 [2–4] programming language is an extension to Java and features the
layers-in-class style [5]: each class affected by a layer L contains a declaration of L that
contains partial methods for its class. Thus, classes contain their own context-specific
variations.

A layer definition consists of an identifier and a list of method definitions. These
definitions specify either new methods that are visible in the scope of their layer, or
partial method definitions, whose signature must correspond to a base method in the
hierarchy of the enclosing class. During layer activation, invocations of this method are
dispatched to the definition provided by this layer.

The built-in pseudo method proceed can be used to explicitly invoke the next par-
tial method definition (or the base method). Both the return type and the expected
arguments of proceed conform to the method’s signature.

To control scoped layer activation, ContextJ provides the with block statement that
can be used in method bodies. It consists of list of expressions of the built-in type
contextj.lang.Layer. The without block construct, as counterpart to with, is used
for explicitly disabling layer execution for a certain control flow.

3 Event-based Context-specific Behavior

In this section, we present a case study in which we first apply ContextJ, our earlier
COP language, and discuss its strength and weaknesses in the domain of event-based
systems. In Section 4 we will revisit this example using our new language abstractions
provided by JCop.

3.1 Motivation

Besides control-flow specific contexts, which is addressed by COP’s with statement,
event-specific context can influence a system’s behavior. We observe two key prop-
erties that distinguish event- and control-flow specific context: First, context enter and
exit is control-flow independent. For instance, a mobile phone could change its behav-
ior, i.e, changing display brightness and disconnecting network connections, when its
battery power decreases 10% and as long as the power stays lower than 20%. For
this period of time, any computation of the cell phone should use the respective lay-
ers. Second, events can constitute a new context asynchronously. Such asynchronous
context changes that cause immediate system adaption may lead to inconsistent com-
putations.

With the abstractions of state-of-the-art COP languages, event-specific context can-
not be represented without scattering layer composition statements over the program.
Furthermore, for event-specific layer activation we need a save mechanism that does
not lead to inconsistent state.

1ContextJ is available for download at http://www.hpi.uni-potsdam.de/swa/cop
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1 import layer RTFWidgets;

2 import layer CodeWidgets;

3

4 public class CJEditWindow

5 extends QMainWindow {

6 ...

7 layer RTFWidgets {

8 private QMenu formatMenu;

9 private FormatToolBar formatToolBar;

10

11 after private void showMenus () {

12 ...

13 }

14 after private void showToolBars () {

15 ...

16 }

17 after private void hideWidgets () {

18 ...

19 }

20 after private void showWidgets () {

21 ...

22 }

23 }

24 }

1 public class CJEditWindow

2 extends QMainWindow {

3 ...

4 void onCursorPositionChanged () {

5 with (getLayersOfPreviousBlock ()) {

6 hideWidgets ();

7 }

8 with (getLayersOfCurrentBlock ()) {

9 showWidgets ();

10 }}

11 void onPrint () {

12 with (getLayersOfPreviousBlock ()) {

13 ...

14 }}

15 void onSave () {

16 with (getLayersOfPreviousBlock ()) {

17 ...

18 }}

19 void onFileNew () {

20 with (getLayersOfPreviousBlock ()) {

21 ...

22 }}

23 }

Figure 1: left: Layered specification of task-dependent GUI Widgets. right: Layer
compositions within event handlers.

3.2 Case-Study: CJEdit

In a case study, we develop an event-based context-dependent GUI application using
ContextJ. CJEdit is a programming environment that supports rich text comments within
ContextJ programs.

3.2.1 CJEdit

The CJEdit editor is equipped with syntax highlighting, an outline view, and a compi-
lation/execution toolbar. In addition, it allows to format ContextJ compilation units with
rich text comments. For this task, the editor provides rich text formatting features, such
as font family, size, style, and color modifications. Through the combination of rich text
and source code, CJEdit documents are single-source, executable representations of
code and documentation. Both activities require different functionality, therefore our
application supports focusing on the actual task at hand by offering only relevant tools,
menus, and widgets. A context switch between text editing and programming features
is either directly triggered by the user, or on text cursor change: While writing new text,
the user can enter the programming mode by pushing a toolbar button. Whenever the
text cursor is moved through the document from text to code and vice versa, the GUI
elements are changed accordingly.
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3.2.2 Implementation

CJEdit is implemented using ContextJ and the Qt Jambi GUI Framework. The editor
consists of approximately 1400 lines of code, where most parts are written with plain
Java constructs and the help of the Qt GUI Designer. The overlay of task-specific user
interfaces and behavior is implemented in ContextJ. The system contains layers that
encapsulate rich text and programming widgets such as toolbars and their correspond-
ing behavior.

Figure 1 (left) shows the implementation of a layer that encapsulates widgets for
the rich text edit-specific user interfaces. It provides partial methods that are executed
after the execution of their base methods. On a task switch, the system hides specific
GUI elements by calling hideWidgets and invokes the showWidgets, showMenus, and
showToolBars methods. Thus, the layers extend hideWidgets with a partial method
that removes the layer-specific widgets.

The editor’s underlying document tree represents each text line as a text block node.
Each block holds a list of layers that should be activated when it is focused. By default,
blocks refer to the layers responsible for rich text behavior. If the user switches to the
programming activity (by pressing the ’code environment’ button in the toolbar), the
following text blocks are linked with programming environment-specific layers.

Layers are recomposed whenever the type of the focused block changes from rich
text to code block, and vice versa. This change is explicitly activated by entering or
leaving the programming activity (by pressing the code button) or on moving the text
cursor between blocks of different types.

For the dynamic extent of the recomposition, the layer list of the current block is
activated. The composition is triggered by the onCursorPositionChanged event, as
depicted in Figure 1 (right). First, hideWidgets is invoked in the context of layers of
the previous block to remove their specific widgets. The GUI elements are then recom-
posed with the layer composition of the current block.

3.3 Lessons Learned

The two main behavioral variations implemented in our example, namely rich text edit-
ing and program development have been implemented using layers. The layers contain
partial method definitions that implement the variations of the default behavior of cer-
tain methods. The user-based behavioral switch can be mapped directly to dynamic
layer composition.

Besides these benefits, we had to consider some characteristics of GUI-based pro-
gramming that led to additional challenges for the ContextJ-based implementation. The
two most important findings are explained in the following.

First, user interaction with GUI behavior is less control flow-centric but rather event-
driven. This complicates dynamic extent-based layer composition as proposed origi-
nally by COP. On user interaction – such as printing the document, writing new text,
or moving the text cursor through the document – the layers of the current block must
be activated in their respective control flows. In the source code, this issue is man-
ifested as repeated with statements in the event callback methods, which itself is a
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crosscutting concern. Another issue is the intrinsic difference between declarative GUI
specifications and dynamic behavioral variations. The exclusive specification of layer-
specific widgets is not sufficient, we also need auxiliary methods such as showWidgets

and hideWidgets, and explicitly trigger their execution after layer activation. In an more
declarative solution, we would only need to specify the GUI variations and add them to
the internal structure. With the activation of a layer, the layered state of this structure
would be activated, too.

Based on these findings, we developed a programming language that is capable of
the original COP features and additional abstractions for event-based context.

4 Event-based Context Representation with JCop

Based on the experiences discussed in the previous section, we present the JCop lan-
guage that extends ContextJ with new composition mechanisms for a more declarative
expression of event-specific context activation. In the following, we revisit our CJEdit
application using the JCop’s new language constructs.

4.1 Modularization

Layers can either be defined within the classes for which they provide behavioral vari-
ations (layer-in-class), or in a dedicated top-level layer similar to an aspect (layer-in-
class) [1, 5]. Besides the structural differences of the two declaration styles, layer-
in-class can access and extend the host object’s internal state and methods, while
class-in-layer are restricted to public interfaces. Developers can decide per situation if
they prefer to define a layer within it’s host object, allowing private member access, or
to declare all partial definitions of a layer as one layer module to reduce scattering.

Besides partial methods known from ContextJ, partial fields override the state of
their base definition and persist these state over layer deactivations. In additions, layers
can contain auxiliary methods and fields that are only visible within the scope of their
layer.

4.2 Declarative Layer Composition

JCop adopts control-flow specific layer activation from ContextJ. As we identified in our
case-study, some layer activations have multiple entry points, requiring repetition of
identical with statements. To avoid this cross-cutting concern, JCop supports declar-
ative with statements. Using a pointcut-like construct adopted from aspect-oriented
programming, a layer composition can be bound to multiple (join-)points. The following
listing depicts the use of declarative with statements in CJEdit.

1 on(* *. onPrint (..)) ||

2 on(* *. onSave (..)) ||

3 on(* *. onFileNew (..)) {

4 with(getLayersOfCurrentBlock ());

5 }
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The statement declares that the dynamic extent of the executions onPrint,
onSave, and onFileNew is executed with the layer composition returned by
getLayersOfCurrentBlock().

4.3 First-class Event-based Context

Using declarative with statements solves the issue of scattered with statements, but
although we have reduced code repetition, we still need to handle the context change
event within the business logic of our text editor. For instance, the editor provides meth-
ods to access the layers of the current and previous text node, which need to be stored
by the application. For a better separation of concerns and an even more declarative
description of context change, JCop provides event-based layer composition which is
based on declarative layer composition. The next listing presents two declarative with
statements using when to express the event that triggers context activation.

1 ( on(* *. onPrint (..)) || on(* *. onSave (..)) || on(* *. onFileNew (..)) ) &&

2 when(TextEditor.getInstance (). getBlock () == BlockType.Programming) {

3 with(CodeWidgetes , SyntaxHighlighting , Outline );

4 }

5

6 ( on(* *. onPrint (..)) || on(* *. onSave (..)) || on(* *. onFileNew (..)) ) &&

7 when(TextEditor.getInstance (). getBlock () == BlockType.Commenting) {

8 with(RTFWidgets );

9 }

The on expressions specify the method executions whose dynamic extents use a
layer composition. The when predicate specifies a runtime condition that must be ful-
filled. In many cases we can omit the declaration of the start of our dynamic extent.
A shorthand notation that only describes the event predicate for our CJEdit example
would be:

1 when(TextEditor.getInstance (). getBlock (). getType () == BlockType.Programming) {

2 with(CodeWidgetes , SyntaxHighlighting , Outline );

3 }

4

5 when(TextEditor.getInstance (). getBlock (). getType () == BlockType.Commenting) {

6 with(RTFWidgets );

7 }

JCop provides a first-class context construct as a dedicated location for the com-
position statements shown above. In addition to composition statements, contexts can
contain auxiliary methods and fields The following listing shows a first-class context
specification for the programming context.

1 context Programming {

2 when(getBlockType () == BlockType.Programming) {

3 with(CodeWidgetes , SyntaxHighlighting , Outline );

4 }

5

6 private BlockType getBlockType () {

7 TextEditor te = TextEditor.getInstance ();

8 return te.getBlock (). getType ();

9 }

10 }
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Figure 2: Architecture of the ticket shop system.

5 Using JCop for the Development of a Service-based
Ticket Shop

As in any software system, the behavior of a service component can depend on context
information. However,

Therefore, we investigate, weather our language abstractions are applicable for
service-based systems. In the following, we report on our first results in developing
a service-based application using JCop.

5.1 Motivation

Service-based systems are mostly heterogeneous environments, including services
that are implemented in different languages and run on machines with different prop-
erties. In addition, different types of client applications, such as rich clients, mobile
clients, and Web-based clients, can use the same service infrastructure from different
execution contexts. Especially mobile clients often provide context information that is
relevant for computation.

To evaluate the properties of COP language abstractions in a service-oriented sce-
nario, we implement a service-based ticket shop that adopts a ticket shop use-case
by W3C [8]2. A travel agency offers to book vacation packages including train tickets
and hotels. Service providers are providing Web services to query their offerings and
perform reservations. TrainBookingService employs LocationService for the com-
putation of train connections. To purchase tickets, credit card companies are providing
services to guarantee payments made by consumers.

To create a heterogeneous service environment, we implement our application in
Python and Java using RPC libraries, and provide two different clients. Our Web

2The system has been developed in collaboration with Michael Perscheid. We will both share this
infrastructure as a base for our research experiments.
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Figure 3: Layer compositions during a service call.

client is based on Smalltalk/Seaside [7], the rich client is a Java/Swing applica-
tion. Figure 2 presents the application’s key components. TrainBookingService and
HotelBookingService offer methods to lookup and book the their respective products.
Both services use CreditCardTransactionService to accomplish bookings.

5.2 Context-aware Behavior

The ticket shop example contains several context-dependent concerns that we imple-
ment using COP. Context can either affect only one module or larger parts of the sys-
tem, including several services. In the first case, the scope of a layer composition
begins and ends within the same module without crossing distribution boundaries.

In the second case, the dynamic extent of a layer composition includes calls to other
services. Due to loose coupling, we cannot anticipate that another service provides
the same layers as the consumer. Thus, passing the current layer composition to the
service is inappropriate. Instead, the service should be informed about the context
of the service call in an abstract way. The service can then decide how it varies its
response according to this information.

An example for the latter case is CreditCardTransactionService can be called
using RSA or Elgamal cryptography, see Figure 3. Which of them is used depends
on context information of the consumer that is exposed to the service. The encryption
context is passed as an additional parameter. The credit card service composes its
layers according to this context information.

6 Summary and Next Steps

In this report, we motivate the explicit support of event-based behavioral variations in
context-oriented programming language extensions. We discuss the benefits and some
shortcomings of this implementation, which led us to the design of JCop, a COP-based
language that adopts ideas of aspect-oriented programming for a more declarative
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representation of event-based context. Furthermore, we report on the implementation
of a service-based ticket-shop scenario using COP.

In future work, we will extend the event-based context specification presented in this
report to support asynchronous context enter and exit predicates. In addition to control-
flow- and event- specific context, we will develop a semantics of object-specific context
that is relevant, for instance, in role-based scenarios. Furthermore, we will evaluate
the concepts developed in the course of this thesis. As a part of this evaluation, we will
extend our ticket shop scenario and develop a framework for context propagation over
distribution boundaries.
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