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Abstract
In this paper we present a method for creating messaging-
based integration solutions. Input of this method consists
of an abstract specification of control and data dependen-
cies between components, specification of non-functional
requirements, design goals, and target platform proper-
ties. The method produces a solution that meets speci-
fied requirements, tailored for the given platform (if such
a solution exists). The output is in the form of a design as
well as executable code. The evaluation has been carried
out using a method prototype implementation, solving a
set of integration problems taken from the literature as
well as from real-life software projects.

Categories and Subject Descriptors
D.2.2 [Software Engineering]: Design Tools and Tech-
niques—Computer-aided software engineering (CASE);
I.2.2 [Artificial Intelligence]: Automatic Programming
—Program transformation

Keywords
enterprise application integration, messaging, non-func-
tional requirements, constraint programming

1. Introduction
Application integration, aiming to enable cooperation of
independently developed applications in an organization,
is a significant issue in enterprise computing [2]. One of
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suitable approaches to creating integration solutions (i.e.
software systems that connect individual applications) is
messaging. Its main idea is that components of an integra-
tion solution communicate by passing messages, mostly
in asynchronous way, using a kind of messaging middle-
ware [2].

There are tools that enable developers to create such
messaging-based integration solutions - for example, Prog-
ress Sonic ESB, Apache Camel, or Mule ESB1. These
tools free developers from writing low-level code in tra-
ditional programming languages, replacing it by parame-
terizing pre-existing components (mostly adapters, busi-
ness and integration services) and connecting them via
appropriate channels.

However, despite existence of these powerful tools, devel-
opment of integration solutions is still an expensive under-
taking requiring highly-skilled software developers. More-
over, even though the tools use similar building blocks,
rooted in enterprise integration patterns [2], there is no
standard for describing messaging-based integration solu-
tions yet. The result is that solutions are not portable
among these tools (platforms).

Recently there have been several attempts in the aca-
demic community to cope with the problems mentioned
above, for example [5, 6]. Their common trait is that they
are based on model-driven development: a developer cre-
ates a platform-independent design model of an integra-
tion solution, chooses a target platform and the tool then
transforms this model to executable code for the chosen
platform. This solves the problem of portability among
integration platforms, and partially makes the integra-
tion solution creation more efficient by raising the level of
abstraction from the programming or configuration lan-
guage of a particular tool to more abstract design-level
language of the method.

Even so, some issues remain. In general, these works do
not take into account non-functional requirements posed
on an integration solution, like throughput, availability,
message processing latency, and so on. A developer has
to design such a solution“manually”, reflecting the knowl-
edge of details of selected integration platform in the plat-
form-independent models. Those, then, become - at least
partially - dependent on a chosen platform, and have to
be revised after a platform is changed.

1ESB is an acronym for Enterprise Service Bus, a kind of
messaging-based integration tool or platform [1].
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Therefore we have created a method that aims to pro-
duce a design of an integration solution, based on specifi-
cation of control and data dependencies between its com-
ponents, non-functional requirements, design goals, and
target platform properties and then translates this design
into executable code. The method builds on our previ-
ous works in this area, e.g. [3]; however, in comparison
to them, it is much more advanced in the direction of
practical usability. In this paper we shortly describe the
method and its evaluation, carried out by using a proto-
type implementation to solve a set integration problems
taken from the literature as well as from real-life software
projects.

The remainder of this paper is organized as follows: Sec-
tion 2 briefly characterizes our method for semi-automated
creation of integration solutions. Section 3 is devoted to
the evaluation of the method. Section 4 contains the con-
clusion and some ideas on future work.

2. A method for designing integration solutions
Input of our method consists of the following main parts:

1. Description of control and data dependencies be-
tween integration solution components.

2. Specification of non-functional requirements.

3. Design goals.

4. Description of the target environment.

Control dependencies constrain possible sequencing of in-
tegration solution components invocations. At this level
of abstraction, these components are usually (1) services
that either provide access to participating applications
or transform data, and (2) instructions for receiving and
sending messages from/to appropriate messaging chan-
nels. Our method works with the following control flow
constructs: sequence, decision, fork (optionally with a
join), for-each2, and wait-for3.

Data dependencies describe the flow of data among indi-
vidual components. In messaging-based integration solu-
tions, each component consumes one or more messages at
its input side, and then produces zero or more messages
at its output side. Each of these messages can contain one
or more data elements that we call process variables. Our
method expects to get an abstract specification of data
dependencies in the form of process variables consumed
and produced by each solution component. Then it finds
the optimal positioning of these variables into physical
messages that flow within the solution.

An example of control and data flow specification is shown
in Figure 1, using a UML activity diagram. It describes
our first case study, an order processing scenario of the fic-
titious retailer“Widgets and Gadgets ’R Us”taken from [2].
This integration solution has to process customers’ orders:
for each incoming order it ensures that the customer’s
credit standing as well as product inventory is checked. If

2Executes a defined sequence of component invocations,
once for each part of a given process variable.
3An arbitrary control dependency between two compo-
nents.

both checks are successful, goods are shipped to the cus-
tomer and an invoice is generated. Otherwise, the order
is rejected.

Due to historical reasons, information about stock levels
is kept in two separate systems: widgets inventory and
gadgets inventory. So each purchase order is split to order
lines and the availability of product in each order line is
checked against appropriate system. Orders containing
invalid order lines are rejected.

Please note that connections between components denote
control dependencies only. Data dependencies are shown
using activities’ input and output pins labeled by related
input and output process variables.

Non-functional requirements can be specified in various
areas, for example:

1. Throughput of the solution: a developer can spec-
ify how many messages per time unit the solution
must be able to process. The method then finds a
deployment of services into containers/threads such
that this throughput would be achieved, knowing
performance characteristics of individual services in
particular containers.

2. Availability of the solution: in the current version
of the method the developer can specify additional
constraints on deployment of selected components,
i.e. that a component has to be deployed on at least
two distinct hosts (leading to increased availability).

3. Message ordering : sometimes the original order of
messages has to be preserved, even in the presence
of multithreading and/or alternative message flows.

4. Monitoring : messages flowing within an integration
solution are generally not visible from the outside.
Yet sometimes we need to monitor them at specified
points, by using e.g. Publish/Subscribe Channels or
the Wire Tap integration pattern.

Design goals deal with the question of what we want to
optimize. Examples are number of solution components,
number of messages and/or bytes transferred through mes-
saging middleware or in all channels, number of message
format transformations, host load, or number of threads.

The target environment is described with respect to inte-
gration services and communication channels it provides,
properties of services (like throughput, deployment con-
straints, input/output characteristics, or use of system
resources), and so on.

The method itself works by translating the integration
problem into constraint satisfaction problem (CSP), solv-
ing the CSP and interpreting its solution as an integra-
tion solution design. From this design concrete executable
code is more-or-less directly generated.

The transformation of an integration problem into CSP
is the core of our method. The CSP is constructed so
that each component and each channel in the solution is
described by a vector of CSP variables and their values.
But how do we know, in advance, what components and
channels will the solution contain? Fortunately, it seems
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Figure 1: An example of control and data flow specification.

that we can safely assume that the basic structure of the
solution corresponds to the structure of the control flow
graph, with several additions4. These are namely: (1)
between each two elements of the abstract control flow
specification there can be inserted one or more places for
integration services, and (2) if there are places of the solu-
tion that have the need of some data that is not possible
to provide using existing channels, the method creates
new places for channels.

So, when constructing the CSP, our method first cre-
ates an integration solution structure using the above
mentioned idea, and then formulates a CSP for it. The
CSP formulation consists of variables creation and con-
straints imposing. Variables corresponding to components
reflect mainly the concrete implementation of a given con-
trol flow construct, integration service type that will be
used, deployment of a component (e.g. number of threads
for individual containers) and its throughput. Variables
corresponding to channels reflect mainly the data trans-
ported within messages in that channel, their positions in
the message (e.g. header, body, attachment), their for-
mat (e.g. XML, CSV, fixed-length records, etc.), type
of channel (in-memory, messaging middleware point-to-
point, publish/subscribe, etc.), state of messages with re-
spect to monitoring, ordering, or checkpointing. Besides
these, there are variables created for evaluating individ-
ual design goals, e.g. the cost of using a component or a
channel, CPU load of a given host, and so on.

As an example, by applying the above algorithm to the
control flow graph shown in Figure 1 we get a CSP, part
of which is shown in Figure 2. The CSP is visualized as
a graph whose nodes correspond to integration solution

4A rationale for this assumption is that the basic way of
implementing a control dependency in messaging-based
solutions is via sending messages through a channel that
connects the respective components, as can be seen e.g.
from the patterns published in [2].

components (or potential components) and edges corre-
spond to channels connecting them5. Components are of
various types, indicated by different shapes whose mean-
ing is explained in Figure 2. Question marks denote vec-
tors of CSP variables.

The final step in CSP formulation is imposing constraints
over CSP variables. In our case constraints reflect ei-
ther general properties of the domain of messaging-based
integration solutions (e.g. “if a component executes in
more threads, message flow at its output is not ordered”),
properties of concrete integration platform (e.g. “pub-
lish/subscribe channel can be used as an input for a com-
ponent running in one container only”), or properties of
components specific to given integration problem (e.g.
“service S1 has to be deployed in at least two contain-
ers” or “service S2 in a process P expects to have variable
v1 at input and variables v2 and v3 at output”).

The CSP can be created either for the solution as a whole,
or, for performance reasons, the problem can be divided
horizontally (to individual integration processes or pro-
cess groups) and/or vertically (solving design aspects in
related groups). Although the optimal solution found for
partitioned problem is not guaranteed to be the optimal
with respect to the original (unpartitioned) problem, our
experiments have shown the difference is not significant.

The method can be easily extended by adding new design
aspects, materializing in new types of non-functional re-
quirements and/or components’ attributes, CSP variables
and constraints.

3. Evaluation
In order to evaluate our method we have created a set of
integration scenarios. Two of them are taken from [2], the

5For simplicity we do not show potential channels (i.e.
places where channels can be possibly created) here.
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Figure 2: Graphical representation of a CSP constructed for the sample integration problem.

other three from a major integration project undertaken
at Comenius University in Bratislava [4]:

1. Widgets and gadgets order processing scenario (de-
scribed above) [2].

2. Loan broker [2].

3. Transfer of data from academic information system
and human records system to university’s central
database of persons.

4. Canteen menu web presentation.

5. Transfer of data about thesis and dissertations from
academic information system to external plagiarism
detection system.

We have tried to answer the following questions:

Q1. Is the method usable, i.e.

a. Is it universal enough, i.e. can it be applied to a
sufficiently wide set of problems?

b. Is it able to create integration solutions in reason-
able time?

c. Does it create solutions that meet specified func-
tional and non-functional requirements?

Q2. Is the method an improvement over existing
approaches?

3.1 Results in the area of the method applicability
We have answered Q1a by creating input data for our
method for the above mentioned five integration scenar-
ios (besides others). We have found that the expressive-
ness of our control and data flow description language
is largely sufficient; only minor additions, like optional
variable presence and conditional fork branch execution,
would be desirable. These are generally of a technical
nature and will be implemented in the near future. Con-
cerning the expressive power of the non-functional spec-
ification language, we have found it adequate, with the
following points to improve:

1. We have found we need the ability to distinguish
between hard limits (e.g. message sizes, number of
iterations in for-each cycles, and so on) and usual
(average) values.

2. We need the ability to specify multiple usage pro-
files, for example a profile corresponding to contin-
uous processing of change events versus a profile for
one-time processing of nightly full synchronization
data set.

3. As for message ordering, it seems that although
present specification constructs are useful, there are
situations that require the notion of global message
ordering, i.e. ordering dealing with more than one
integration process.

4. It would be useful to be able to constrain or optimize
the message processing latency.

The first two issues are of simple technical nature. The
last two ones are more intricate and remain to be solved
in the future.
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Table 1: Results of the method performance evaluation.
P# Processes Components Connections Variables Containers Best solution (sec) All solutions (sec)
1 1 19 (25) 20 (26) 6 5 0.3 0.3
2 1 23 (47) 29 (53) 13 3 21.9 Timeout
3 23 125 (142) 129 (146) 85 6 30.4 30.5
4 1 8 (9) 7 (8) 7 1 0.8 0.8
5 1 9 (9) 8 (8) 9 1 0.9 0.9

3.2 Results in the area of the method performance
Concerning the method’s performance (question Q1b) we
have conducted a set of experiments. Their results are
summarized in Table 1.

Meaning of individual columns is the following: P# de-
notes the integration problem number. Processes column
indicates the number of integration processes in the prob-
lem. Components shows the number of components (i.e.
services, input/output directives, and control flow con-
structs elements) in the integration problem and solu-
tion, respectively. Connections denotes the number of
connections (i.e. channels), again both in the integration
problem and solution. Variables is the number of process
variables present in the solution. Containers is the num-
ber of service containers the solution components can be
deployed in. Finally, the Best solution column denotes
the CPU time, measured in seconds, that was needed to
find the optimal solution for a given integration problem,
and the All solutions column gives the CPU time needed
to conclude that no better solution exists. The Timeout
value here means that the computation did not finish in
allotted time of 600 seconds.

These results indicate that the method is performing well
enough to be practically used. Moreover, we have verified,
both by code inspection and by performance testing, that
the generated solutions have met stated functional and
non-functional requirements (question Q1c).

3.3 Comparison to the traditional development of in-
tegration solutions

We have conducted a qualitative comparison of the devel-
opment of integration solutions using our method to the
development of such solutions using traditional tools, like
Progress Sonic Workbench that we have used for several
years [4].

We have found that our method addresses a major issue:
the considerable complexity of messaging-based integra-
tion solutions that severely limits their understandability
and maintainability. Solutions that are captured using
our platform-independent, abstract control and data flow
specification language are much more concise than solu-
tions written using Progress Sonic-specific graphical-only
language. (We are currently working on the quantifica-
tion of this improvement.) This complexity reduction is
relevant also when comparing with other integration prod-
ucts, e.g. Apache Camel or FUSE Integration Developer6.

A drawback of using our method is that, although be-
ing quite universal, it uses a limited number of design
constructs and makes concrete assumptions about the so-

6There are also other, less fundamental, areas of improve-
ment, but we have no space to cover them here.

lutions being created. There are situations where this
method would not find a solution as efficient or elegant as
a developer would create “by hand”.

4. Conclusions
In this paper we have presented a method for semi-au-
tomatic construction of messaging-based integration so-
lutions. Using five application scenarios we have shown
that it is able to construct integration solutions that have
specified functional and non-functional properties.

In the future we would like to enhance the usability of
the method by providing a textual, programmer-friendly,
domain-specific language for describing integration solu-
tions’ abstract designs. Besides executable code we plan
to generate detailed design documentation as well. We
would like to evaluate the method in more depth using
quantitative comparison with the traditional development
approach, as well as by applying it to additional scenar-
ios taken from several real projects. We plan to use ex-
periences we will gain in the further development of the
method.
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