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Abstract
Enterprise Application Integration (EAI) is a research field that seeks to develop methodologies, techniques and tools to design
and development integration solutions. The software ecosystem of companies is comprised of several applications, usually obtained
from third parties or developed internally and custom-made for their business processes. Interest in EAI has arisen due to the need
to integrate different applications composing the software ecosystem to allow business processes to evolve in response to the
constant demands of the business market. The main challenge facing companies in this context is that most of their applications
are not designed considering integration with other applications. The development of integration solutions is not a simple task.
Guaraná technology provides a domain-specific language that allows for the design of conceptual models to represent integration
solutions. This paper reports on a study of Petri Nets, Markov Chains and Queueing Theory, aiming to construct simulation models
from conceptual models of integration solutions modeled with Guaraná. We map the building blocks Slot and Task of Guaraná to
their corresponding elements in the mathematical modelling languages studied.
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1. Introduction
Business processes often need a set of applications operating together in order to carry out their services. The
inclusion of new services into the company’s software ecosystem is a difficult task. It has to find ways to incorporate
new and different functionalities capable of interacting in a synchronized fashion with existent applications, due to
the fact that most applications are not designed to be integrated with others. Enterprise Application Integration (EAI)
was developed to solve this problem, by enabling numerous applications not designed to work together to share
information and functionalities, providing an immediate solution for this need. Hohpe and Woolf (2003) reported a
large set of patterns that could be used to develop integration solutions, depending on the most adequate type of
solution for a particular integration problem1.
Integration solutions are softwares whose main function is to synchronize data among different applications or
reuse functionalities. Integration solutions are implanted into the software ecosystem as a new application that offers
its users a high-level vision of the integrated applications with which they can interact2. Integration solution
development consists of design, implementation, execution and monitoring stages. In order to facilitate the
understanding of an integration solution’s structure and operation, conceptual models are built to represent it in the
design phase. There are a number of technologies to build that models, based on a messaging system style, which are
appropriate to heterogeneous ecosystems and are ideal for environments that require flexibility1. These technologies
also allow for the construction of conceptual models with a high level of abstraction, using an easy to understand
graphic interface. Of the open source technologies, we can highlight: Spring Integration3, Apache Camel4, Mule ESB5
and Guaraná6. Each of these offers a domain-specific language (DSL) to design conceptual models following the Pipes
and Filters architectural pattern, in which larger processes are divided into smaller independent services (Filters),
which are usually desynchronized by channels (Pipes)1. This study utilizes the Guaraná DSL.
Integration solution implementation can be an expensive and time-intensive process, which has encouraged studies
that use integration solution simulation approaches. When developing an integration solution, it is important to meet
all the demands of the ecosystem in which it will be included or the solution will run the risk of becoming vulnerable
to performance issues7,8,9.
In this paper, we aim to show that it is possible to translate a conceptual model based on Pipes and Filters developed
in Guaraná to mathematic models capable of simulation in specific simulation tools. It is thus necessary to create the
simulation model based on the conceptual model, which is capable of being processed by a simulator by way of
equivalence between elements of the Guaraná model and the translated model. These elements are translated to three
different models based on: Petri Nets10, Markov Chains11 and Queueing Theory12. The simulation of conceptual
models is an important contribution in that it can enable the identification of conditions under which an integration
solution could fail, while still in the design phase, thus reducing risks and costs involved in its construction.
The notion of simulation refers to the precise representation of all characteristics present in a real system.
Simulation is an important ally when facing problems that are highly complex, often impossible to solve analytically
or even by actual experimentation, which may be considered expensive. In addition, it allows an improved
understanding of the real system and its evolution over time. The main objective of this study is to step forward in the
simulation of enterprise application integration solutions.
This paper is organized as follows: Section 2 briefly reports some previous related works from the literature;
Section 3 outlines the basic concepts used in the elaboration of conceptual models of integration solutions using
Guaraná technologies, presenting the three approaches, Petri Nets, Markov Chains and Queueing Theory, as the
objects of the study; Section 4 presents the translation of the elements from a simple model developed in Guaraná to
simulation models using the three chosen approaches, as well as the mathematical formalism that serves as a
foundation in each approach; finally, Section 5 presents final considerations and perspectives for future work.
2. Related work
Some works in the literature have shown different applications of Petri Nets, Markov Chains and Queueing Theory,
but few of these have been in the context of EAI. However, it has been established that integration solutions can be
characterized as discrete-event systems, which possess well-established simulation techniques13. Although we were
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unable to find any work which used one of these three techniques to simulate enterprise integration solutions, there
are a number of works in diverse areas that have used them to analyze models from simulation.
Petri Nets, for example, were used by Varela et al. (2015) to propose a model that could aid in operational and
structural decision-making at a tire industry, seeking to minimize raw material waste from manufacturing processes14.
Yamada et al. (2002) suggested a simulation of the operational stages in a sugarcane processing industry utilizing
Petri Nets15. Miyagi et al. (2002) modeled healthcare systems using Petri Nets applied to outpatient services at the
Hospital das Clínicas (HC) in São Paulo to study the patient flow and analyze the system evolution as well as the
behavior of its sectors16.
Markov Chains have been applied by Gomes and Wanke (2008) to the management of replacement parts,
emphasizing that in a Markov Chain applied to stock management, the possible states denote different stock positions
that could occur over time17. Paulevé et al. (2011) propose a technique to adjust temporal characteristics in stochastic
calculations, introducing a stochastic absorption factor to the classical stochastic calculation, with exponential rates18.
Basagiannis et al. (2008) introduced a verification of a probabilistic model as an assisted tool approach, feasible to
systematically quantify Denial of Service safety threats19.
Based on Queueing Theory, Doy et al. (2006) proposed an investigation of the e-mail service of the computer
network of the Mathematics and Statistics Institute of the University of São Paulo (Instituto de Matemática e
Estatística da Universidade de São Paulo) to identify statistical characteristics and evaluate performance20. Camelo
et al. (2010) used Queueing Theory and simulation to analyze characteristics of the service for departing mineral ships
at the Ponta da Madeira Maritime Terminal, in order to evaluate the mean number of ships in queue and in the system
and the mean waiting time in the queue21. Abensur et al. (2003) reported a method for formulating compatible
strategies for the Brazilian automatic teller system by evaluating performance variables obtained using Queueing
Theory22.
3. Preliminaries
In this section, we briefly describe Guaraná technology and present the theories upon which the conceptual models
of this study are translated: Petri Nets, Markov Chains and Queueing Theory, each of which is suitable for particular
types of problems, based on the given approach and the variables to be analyzed.
3.1. Guaraná technology
Guaraná is a technology that provides support for developing integration solutions, enabling solutions with a high
level of abstraction through an easy to understand graphical interface that provides a general vision of all of the
elements in the integration solution of a software ecosystem. In Guaraná, conceptual models are built using the
domain-specific language, called Guaraná DSL. This language follows integration patterns present in the work of
Hohpe and Woolf (2003), which make up the base of the Pipes and Filters system, which in Guaraná, correspond to
slots and tasks, respectively. Tasks are operations that can be executed in messages. They determine how a set of
incoming messages should be processed to produce a set of outgoing messages. The messages are an abstraction of
information that is exchanged and transformed within the integration solution. They are composed of a title, a body
and attachments. Slots connect the entry of a task to the exit of another task, allowing the messages to be processed in
an asynchronous form. All integration solution models developed in Guaraná are independent of technology, that is,
it is possible to implement the solutions in different technologies and not only in the technology in which it was
developed.
3.2. Petri Nets
Petri Nets are used to model and simulate discrete-event systems, allowing a joint analysis of the behavior and
structure of these systems, thus improving understanding of them. Petri Nets are graphs formed by two types of nodes:
places, connected by arcs, which represent variables of system states and are represented by circles; and transitions,
which represent actions made by the system and are represented by rectangles. Petri Net formalism enables a
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description only of the logical structure of systems, as it does not account for time. However, time interferes in the
functioning of most systems, necessitating its consideration in the system representation23.
In the circles representing a place in a Petri Net, there may be flow indicators called tokens, whose quantity may
vary depending on the functioning of the net. When a transition is activated, it uses a certain number of tokens
contained in the input places, generating output places. The execution of a Petri Net only occurs by the firing of
transitions, which only occurs if the number of tokens consumed by a transition is equal to the weight value given by
the input arc. Occasionally, more than one transition may be ready to fire. When this happens, the Petri Net does not
define which will fire first, in other words, there is not a firing priority rule.
Although Petri Nets are widely used in the context of modeling and simulation of discrete-event systems, there is
still insufficient information related to their utilization in application integration. However, it is known that conceptual
models developed in Guaraná can be understood as discrete-event systems, which can be translated to stochastic Petri
Nets, thus making simulation feasible. In this work, a stochastic process is considered a process with a certain level
of uncertainty, representing the evolution of a system of random variables as a function of time.
3.3. Markov Chains
Markov Chains are a system modeling formalism that describe systems as a stochastic process with discrete states,
characterizing them by their states and the way they alternate. Generally, time is the parameter, discrete or continuous,
where the future state in a Markov Chain is not affected by past states, but only by the present state. They are used
because, in addition to being simple, they allow performance analyses of varied realities through modeling techniques.
Markov Chains in discrete time represent stochastic processes, describing activities that end in events, which
generate state transitions. Probabilities of transitions from one state to another form a matrix, called the transition
matrix. A Markov Chain is represented by a state-machine, a sequence of random variables that represents the state at
a given time. The executions of discrete time Markov Chains are trajectories, whose probability calculation allows an
analysis of behavior, of probabilistic accessibility and of quantitative and qualitative properties. The reward structure
representing benefit or cost is modeled by reward functions and can measure the intervals of time spent in each state
after a certain number of intervals of time13.
The use of Markov Chains is suitable for this study, as it deals with particular cases of stochastic processes and
thus is utilized for discrete events, allowing an identification and analysis of possible performance bottlenecks during
the modeling of a system. The process is initiated when there is a message in the queue. Thus, in simulations with
discrete events, the variables can be equated in a model, whose state changes occur at discrete time points. The events
generate state transitions, represented by a transition matrix. In addition to the discrete formalism, this type of
probabilistic model has ample support in the form of software tools, which aid in the proposal to simulate integration
solutions, in terms of formal verification of the model and performance analysis.
3.4. Queueing Theory
Queueing Theory is an analytical method that utilizes mathematical equations to understand system problems and
aims to determine and evaluate performance measures that express productivity or operationality of the system. A
queueing system can be represented by different models, but the basic process has common elements. Briefly, the
process begins with clients seeking a service and arriving randomly over time, forming a queue. At a given moment,
one of the clients is called to be served following a rule, denominated queue discipline. The client is served using the
service mechanism and then leaves the queue system24.
Specification of a queue model usually requires that performance characteristics be explicit. These characteristics
are: arrival process, service process, number of servers, queue capacity, population size and queue discipline. With
these data, it is possible to calculate and estimate results for system performance, based on properties such as service
time and number of clients served in a given time period. By obtaining inadequate values, it is possible to make the
queueing system more efficient, avoiding performance problems.
The functional dynamics of an integration solution are similar to those adopted by Queueing Theory. For example,
a client can be seen as a message that can wait in the queue (slot) for a given amount of time to be processed by the
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service (task). Since the characteristics of individual components of an integration solution are known, a simulation
based on discrete events is a good strategy for obtaining quantitative and qualitative measures of the system.
4. Equivalence of conceptual model elements
In general, behavior analysis and identification of performance bottlenecks in application integration solutions
involve implementation for subsequent execution and testing against critical scenarios designed by the software
engineers. However, this can be expensive, risky and time-intensive23. The conceptual models developed in Guaraná
feature a high level of detail in the integration solutions and can be classified as stochastic, dynamic and discrete. A
discrete system can be translated to a simulation model and simulated in specific environments, in order to obtain key
information about system operation, allowing an analysis of various aspects of the system, without needing to
implement it, thus reducing the resources used in the integration solution development.
Fig. 1 shows the set of elements that makes up the graphical notation of the Guaraná DSL. The processes are blocks
that aggregate a given set of tasks. They also possess four ports through which a process can share information with
integrated applications. These are: entry port, exit port, solicitor port and responder port. The slots are temporary
storage units that connect the ports with tasks or tasks with tasks. Slots provide an independence between tasks through
asynchronous processing of the messages that flow through the process. The tasks are responsible for processing and
modifying the messages. They operate from a received message from the input slot. When a task receives a message,
it reads the content, processes the message and writes on the next slot, leaving it available for the next task. Possible
tasks in Guaraná include translation, filtering and delivery of messages.

Fig. 1. Graphical notation of Guaraná DSL.

In order to simulate an integration solution, it is necessary to use a simulation tool, which consequently requires
the creation of a simulation model based on the conceptual model25. The Guaraná model and the translated models are
shown in Fig. 2.
The use of different mathematical theories is based on the specificity of each problem. In general, Markov Chains,
and more specifically their decision processes, are not recommended for large systems, as they are difficult to build,
despite offering more general applicability. Stochastic Petri Nets do not possess an explicit structure, as Queueing
Theory does, but they have a graphical notation system and the models have a formal interpretation. Although
Queueing Theory facilitates the construction of the model, it has significant limitations, notably its lack of a formal
interpretation13.
These theories were chosen as objects of study due to the various techniques and tools they possess for simulating
discrete events. Integration solutions developed in Guaraná possess characteristics like those of a discrete-event
system through the relationship between its elements and the functional structure. In discrete-event system modeling,
as in integration solutions, the identification of and relationship to performance variables and the way they interact
with each other and with other elements aids to understand the system.
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Fig. 2 demonstrates that the proposal for translating integration solution conceptual models into Petri Nets, Markov
Chains and Queueing Theory models is possible due to the analogy between their components and the similarity to
the execution model. The main elements in Guaraná conceptual models are messages, slots and tasks, which are
equivalent, respectively, to: tokens, places and transitions in Petri Nets; processes and steps in Markov Chains; and
customers, queues and services in Queueing Theory.
In Petri Nets, the semantics of Guaraná tasks cannot be translated and, therefore, its functionality is maintained and
represented in an abstract form. The arcs are components without functional values and, in addition to connecting
places and transitions, they also indicate the message flow direction. In order to better understand how the analogy
between these approaches functions, we can consider an example of two elements of Guaraná graphical notation, the
entry port and exit port, which make up the integration solution. The entry port inserts new messages into the
integration solution to be processed. Its representation in Petri Nets is equivalent to a transition (task), which upon
firing, inserts a token (message) into a place (slot). On the other hand, the messages that are in the slots exit the process
through a transition, in this case the exit port.
The discrete-time Markov Chain is a conceptual model of a system as a discrete set of states, where the transitions
between states occur in discrete intervals of time. In its graphical notation, the states are circles and the transitions are
arrows, labelled with their associated probabilities. The atomic propositions used to label the states are derived from
the set of atomic propositions. In Markov Chains, the process begins when a messages arrives and waits in the system.
The steps correspond to both slots and tasks in Guaraná. After one step of time, the process enters the state from which
the message is sent to the next step with a probability between 0 and 1, followed by another step of time, again with
a probability between 0 and 1, and so on throughout the process.
In Queueing Theory, customers arrive, form a queue and wait for a given time to be served. After being served, the
customer leaves the queueing system. Service is given in accordance with a rule, called queue discipline, which may
be, among others: First-In, First-Out (FIFO), Last-In, First-Out (LIFO), priority-based service and random service.
The similarity to Guaraná integration solutions can be seen in that the messages (customers) arrive and wait in the slot
(queue) to be processed by the task (service). The messages are selected for execution following a given message
processing order (queue discipline). After processing, the messages exit the task, following the integration flow.
A mathematical formalism is present in these theories. In Petri Nets, the formal representation for a simulation
model is expressed by the sequence MdS = ( S , T , A , TD ) , where S represents the set of places, T represents the set
of transitions and A represents the mapping of arcs, subdivided later into subsets Ae and As , sequences that represent,
respectively, input arcs and output arcs. The set T D represents the value of transition firing rates with respect to the
order of the set T 13.

Fig. 2. Execution models in: (a) Guaraná, (b) Petri Nets (c) Markov Chains (d) Queueing Theory.

The mathematical modeling of a discrete-time Markov Chain is described formally as a finite set of states (S) , an
initial state s 0 , belonging to S, a transition probability matrix (P) de S × S → [0 −1] , a set of atomic propositions ( AP)
, and a labeling function, attributing to the states a set of atomic propositions L : S → 2 AP . Formally, the Markov
decision process is a sequence ( S , sinit , Passos, L) , where S is a finite set of states, s init ∈ S , and s 0 is the initial state.
The steps S → 2 Act×Dist ( S ) are a function of transition probability, Act is a set of actions, Dist ( S ) is a set of discrete
probability distributions over S, and L : S → 2 AP is a labeling with atomic propositions13,25.
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In Queueing Theory, some random variables for evaluating simulation model behavior are obtained by simple
mathematical equations. Considering that λ is the mean arrival rate and μ is the mean service rate, one can determine,
for instance, the mean number of messages in the system ( S n ) , the mean time that a message remains in the system
( I p ) , the mean interval between arrivals ( Ar ) , the mean time lost by the message in the slot ( T q ) , the mean number
of messages in the slot ( N q ) , the mean service time ( S t ) and the mean number of processed messages ( Nm ) 23. The
equations are laid out in detail in (1).

Sn =

λ
μ −λ

;Ip =

1
1
λ
λ2
1
λ
; Ar = ;Tq =
; Nq =
; St = ; Nm =
μ −λ
λ
μ(μ − λ)
μ(μ − λ)
μ
μ

(1)

In dealing with a process with some level of uncertainty and without specificity as to the probability distribution
of arriving messages in the integration solution, it is necessary to indicate one of a number of probabilistic distributions
for this task. One example is the negative exponential distribution, in which F Xi ( x ) = 1 − e − λ x is the probability of
transition x firing at that instant, considering its firing rate λ i .
i

5. Conclusions and future research
EAI seeks to develop methods and tools for designing and implementing integration solutions with a high level of
abstraction using conceptual models. An integration solution can be simulated through a simulation model created
from the translation of elements that make up the conceptual model it represents.
This work presents the translation of conceptual models based on Pipes and Filters for three mathematical models
that enable its simulation, allowing an analysis of system behavior while still in the design phase, thus reducing
integration solution implementation costs. In order to demonstrate this proposal, we presented a mapping of building
blocks Slot and Task from Guaraná technology and its translated models for Petri Nets, Markov Chains and Queueing
Theory.
Throughout the research undertaken in this work, it became clear that EAI still requires a great deal of investigation,
mainly in the area of simulation of integration solutions. Thus, it is hoped that in future studies, it will be possible to
provide tools and methods to support this important task in the simulation and modeling of a system, specifically to
determine whether a proposed model faithfully portrays the system under investigation.
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