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1 Motivations and Purposes

Models have been used for a long time to understand and analyze processes, which

try to capture the essence of problems, and – as far as possible – simply describe the

operation of these processes.

In this work, we deal with two main topics. First, we investigate the spreading of

services (applications), model the spreading process, and evaluate the models. These

models offer an alternative approach for the application providers to spread an appli-

cation exploiting the direct communication between the users. Besides, we show that

our applied modeling techniques can be used in the wood industry, too, by determining

the bottleneck of the wooden window manufacturing process using a deterministic and

stochastic Petri net (DSPN) model.

Then, we propose a model for opportunistic spectrum access and analyze its ef-

fects. In opportunistic spectrum access, service providers can opportunistically use

each other’s unutilized frequency bands. Our goal is to show that using our model, the

service quality improves, while the service providers can realize an extra profit.

The goals can be summarized as follows:

• modeling application spreading in mobile ad hoc environments [1, 2, 3, 4, 5, 6, 7],

• showing that the applied modeling techniques can be used also in the wood

industry,

• modeling opportunistic spectrum renting in mobile cellular networks [8, 9, 10].

2 Research Methodology

This section provides the short overview of methodology applied to solve the problems

covered in the dissertation. Performance evaluation can be carried out by either using a

simulation program, or by mathematical analysis with numerical procedures, or build

the system and then measure its performance [16]. Although simulation allows us

to construct more sophisticated models, mathematical analysis generally needs lower

computational effort [17].

Investigating application spreading in mobile ad hoc environments is a novel re-

search field. However, the methodology used in this area contains well-known elements.
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Queuing networks are used for modeling systems, which can be considered as a set

of interacting services. In this area, many results were obtained in the last century,

such as the Jackson networks [18], for which an efficient product-form solution exists;

and the mean value analysis [19], by which the analytical solution of closed queuing

networks (CQNs) [20] can be obtained. In our application spreading models, the user

population is finite. Therefore, using CQNs to obtain the behavior of our system is

an obvious idea. However, the acyclicity of our model does not allow the use of the

mentioned traditional processes (namely, if a user purchases an application, he will

never lose it again).

On the other hand, there exist high-level modeling techniques such as stochastic

Petri nets [21], which are also commonly used in this area. The standard approach

for analyzing SPNs is to construct the continuous-time Markov chain (CTMC) corre-

sponding to the underlying stochastic behavior of the SPN [22] and perform the steady

state or transient analysis analytically [23] or by simulation. However, this approach

becomes unfeasible due to the size of the state space if we consider a network com-

posed of a large number of components. In this dissertation, we describe the mean

field approach, which is a fluid approximation method for model evaluation. Applying

this method, the analysis will terminate within a few seconds, even when the state

space explodes due to the high number of tokens. This method is based on [24], while

we present it in a form that is directly related to the applied definition of SPN [5].

Besides, we provide a formal relation between the CTMC and its fluid approximation,

too.

Unfortunately, the use of inhibitor arcs violates the density dependent property in

the underlying CTMC of the SPN. Therefore, the fluid approximation method is not

feasible in these cases. Instead, simulation can be used to evaluate the model. The

simulation of stochastic Petri nets is supported by many known tools, like the ones

presented in [25, 26, 27].

In a manufacturing process, the work phases have deterministic delay. A process,

in which the delays of the transitions are either exponentially, or deterministically

distributed, can be appropriately described by a DSPN [28]. DSPNs are similar to

SPNs, except that deterministically delayed transitions are also allowed in the Petri

Net model. However, DSPNs have greater modeling strength than SPNs, there are some

restrictions in the model evaluation phase. Although it has been shown [29, 30, 31]

that in some special cases, a DSPN can be analyzed even with concurrently enabled
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deterministic transitions, analytical solution using the underlying stochastic behavior

can generally be obtained only if there is only one enabled deterministic transition in

each marking [28]. In our case, simulation must be used to get the steady state or the

transient solution of the DSPN.

In our other topic, we investigate the opportunistic spectrum renting in mobile

cellular networks using a queuing model. It is worth emphasizing that some queuing

models for spectrum renting were already worked out [32, 33, 34]. However, they could

not be directly applied to the present proposal. In this work, the analytical solution of

our model is described, while additional results are presented via simulation.

3 New Results

The achieved results can be categorized into two groups of theses.

Thesis 1: Two Performance Analysis Applications Based on

Deterministic and Stochastic Petri Net Models [1, 2, 3, 4, 5, 6,

7]:

We elaborated a CQN and two SPN models for application spreading in mobile ad

hoc environments. In the evaluation of these models, different techniques were used

depending on the complexity of the models. Moreover, we modeled the wooden window

manufacturing process with DSPN to demonstrate that the stochastic models can be

applied in the wood industry (Chapter 2 of the dissertation).

The own contributions are summarized as follows:

• Thesis 1.1: We proposed a CQN model which can be simply used for giving an

analytical lower and upper bounds on the number of application purchases (Sub-

section 3.1.4).

• Thesis 1.2: We demonstrated that the mean field based methodology can be applied

for obtaining the transient solution of a SPN, if the underlying Markov chain of

the SPN is density dependent (Subsection 3.1.5).

• Thesis 1.3: We applied the mean field based methodology for obtaining the tran-

sient solution of our basic SPN model, and we gave an analytical approximation
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on the number of application purchases in the order of seconds. (Subsection

3.1.5).

• Thesis 1.4: We proposed an extended version of the basic SPN model, for which

the main properties of the application spreading process can be determined by

running transient simulation (Subsection 2.1.4).

• Thesis 1.5: Using a DSPN model, we identified the bottleneck of the wooden

window production process and determined the measure of the extension for elim-

inating the main bottleneck (Section 2.2).

Thesis 2: Modeling Opportunistic Spectrum Access in Mobile

Cellular Networks [8, 9, 10]:

We proposed a spectrum sharing model, in which the service providers opportunistically

use each other’s unutilized frequency bands. We showed that using our opportunistic

spectrum access model, the service quality improves, while the service providers can

realize an extra profit (Chapter 3 of the dissertation).

The specific contributions are summarized as follows:

• Thesis 2.1: We elaborated a spectrum sharing policy based on the idea of op-

portunistic spectrum access. In the model, a high level of cooperation is realized

between the mobile service providers. Besides, the model considers the current

technical constraints, too, which were ignored by most of the related works (Sub-

section 3.2.2).

• Thesis 2.2: We demonstrated via simulations that the service quality can be im-

proved applying the elaborated spectrum sharing policy. Moreover, we also demon-

strated that the cooperating parties can realize more profit using our model than

in the current environment (Section 3.3).

• Thesis 2.3: We elaborated the mathematical model of the above mentioned spec-

trum sharing policy. We used a two-dimensional CTMC to get the numerical

results of the model. Since the results correspond to the simulation results, the

Markovian mathematical model can be considered as a good approximation of the

original model, where the channel holding times and the interarrival times are

log-normally distributed (Subsections 3.2.3 and 3.3.1).
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• Thesis 2.4: We identified and measured the main drawback of our model, the

forced termination phenomenon. In a heavily loaded system, the forced termina-

tion increases to a level that is annoying for the mobil subscribers. To handle

this problem, we elaborated a method for the protection of the ongoing calls based

on the Adaptive Random Early Detection (ARED) rule (Subsection 3.3.3).

4 Application of the Results

In the first thesis group, we mainly deal with application spreading in mobile ad hoc

environments. The results show an alternative approach for mobile service providers,

and can initiate a new direction for the further exploration of this aspect of ad hoc

networks.

Moreover, we applied a mean field based methodology for stochastic Petri nets.

With this fluid approximation method, the analytical approximation of stochastic Petri

nets can be obtained within a few seconds, since the complexity of the solution is

linearly proportional with the number of places in the Petri net.

In the first thesis group, we also showed the possible application of stochastic mod-

eling in the wood industry. The results can be directly applied for those companies

which want to increase their productivity: the bottleneck of the production process

can be determined with the model. Moreover, the model helps determine the neces-

sary measure of the expansion, too.

In the second thesis group, we set up an analytical model for opportunistic spectrum

access, which is useful for the performance evaluation of spectrum renting. We showed

that the opportunistic renting of frequency bands improved the main performance

indices. To alleviate the main drawback of our scheme, we proposed a call admission

control process. We showed that using this process, the blocking probability and

the forced termination probability can be balanced. Moreover, we showed that both

cooperating parties can realize an extra profit using our model, even if no discount is

offered for the tenant operator.
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állására,” in Student Conference organized by BME and HTE, Budapest, Hun-

gary, pp. 1–4, 2007.

Bibliography

[16] L. Kleinrock, “On the modeling and analysis of computer networks,” Proceedings

of the IEEE, vol. 81, no. 8, pp. 1179–1191, 1993.

[17] T. V. Do and R. Chakka, “Simulation and analytical approaches for estimating the

performability of a multicast address dynamic allocation mechanism.,” Simulation

Modelling Practice and Theory, vol. 18, no. 7, pp. 971–983, 2010.

[18] J. R. Jackson, “Networks of waiting lines,” Operations Research, vol. 5, no. 4,

pp. 518–521, 1957.

[19] M. Reiser and S. S. Lavenberg, “Mean-value analysis of closed multichain queuing

networks,” Journal of the ACM (JACM), vol. 27, no. 2, pp. 313–322, 1980.

[20] T. G. Robertazzi, Computer Networks and System: Queueing Theory and Perfor-

mance Evaluation. Springer, 2000.

9



[21] M. A. Marsan, G. Balbo, G. Conte, S. Donatelli, and G. Franceschinis, Modelling

with Generalized Stochastic Petri Nets. John Wiley and Sons, 1995.

[22] G. Yin and Q. Zhang, Continuous-time Markov chains and applications. Springer

New York, 1998.

[23] W. J. Stewart, Introduction to the numerical solution of Markov chains, vol. 41.

Princeton University Press Princeton, 1994.

[24] T. G. Kurtz, “Solutions of ordinary differential equations as limits of pure jump

markov processes,” Journal of Applied Probability, vol. 7, no. 1, pp. 49–58, 1970.

[25] A. Zimmermann and M. Knoke, TimeNET 4.0: A software tool for the performa-

bility evaluation with stochastic and colored Petri nets; user manual. TU, Profes-

soren der Fak. IV, 2007.

[26] S. Baarir, M. Beccuti, D. Cerotti, M. De Pierro, S. Donatelli, and G. Franceschinis,

“The greatspn tool: recent enhancements,” ACM SIGMETRICS Performance

Evaluation Review, vol. 36, no. 4, pp. 4–9, 2009.
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