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Abstract—The self-organization in ad hoc networks requires the definition of new quality-of-service (QoS) parameters, which are often in contrast with each others. For example, the spontaneous neighbor discovery is the process allowing communication nodes to discover each other. However, the velocity of discovery is paid in terms of energy consumption and, consequently, an appropriate tradoff has to be achieved. Analytical models can be utilized to represent the node behavior and optimize their performance. Adopted standards, like Bluetooth (BT), unfortunately may be rather complex and their performance computation may require many computational resources and a lot of time. In this paper a strategy to simplify the performance study in BT environment is derived. The accuracy of the simplified model is assessed comparing the performance results obtained through its use to the performance results obtained by simulation. 
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I.  Introduction

Bluetooth (BT) technology is the major candidate for Personal Area Networks (PAN), which are required to be self-organizing to be effectively utilized [2]. To this end, BT nodes should be able to rapidly discover their neighbors in order to establish communication links timely. 

In order to achieve neighbor discovery BT nodes perform the following procedures:

· Inquiry: The BT node transmits short messages called beacons.
· Inquiry Scan: The BT node listens for possible beacon messages sent during the Inquiry phase by neighbor nodes.
Discovery should be achieved without any intervention by human beings. Currently, the BT standard [1] does not specify how such objective can be achieved. Indeed, appropriate procedures are needed which allow nodes to discover their neighbors spontaneously. We call the collection of the above procedures hunting process [3-4].  The hunting process should force BT nodes to periodically perform Inquiry and Inquiry Scan procedures, that, however, cause energy consumption. Indeed, energy efficiency and responsiveness of the neighbor discovery are in contrast with each other and thus, a tradeoff is needed. 
Achieving this tradeoff requires the use of appropriate design tools that allow the performance evaluation of the proposed hunting process disciplines. Such tools can be based on experimentation in physical testbeds, simulation, and analysis.
Both experimentation  in physical testbeds and simulations have problems related to the large number of runs that are needed to obtain an acceptable confidence interval. Furthermore, experiments in physical testbeds are subject to interference from other BT devices, IEEE 802.11 nodes and other sources of electromagnetic fields in the 2.4 GHz band.
Analysis is possible but requires appropriate models of the neighbor discovery process. In our previous work [3-4], we have proposed Markov models for the neighbor discovery process in the general case. If we apply such models to the BT case we obtain Markov chains with about 4500 states. Performance analysis using such models requires very long computation times. 

In this paper we propose a methodology for the construction of a simplified model of the neighbor discovery in BT networks based on Markov chains. The above models allow calculation of the most important performance metrics, energy cost and discovery timeliness, in time intervals several order of magnitudes lower than the time required by other approaches. Accuracy of the proposed simplified model is assessed through appropriate comparisons with simulation.

The remainder of this paper is organized as follows. In section II, the most relevant research results on neighbor discovery are surveyed. In section III, the neighbor discovery models based on Markov chains are illustrated. In section IV, we introduce the methodology for the construction of the simplified model, whose accuracy is assessed in Section V. Finally, some concluding remarks are drawn in Section VI.

II. Related work

In the last few years, constructors have been bringing new BT devices out, so the interest for this standard [1] is growing. As a consequence, all research issues have received attention in the last few years, and neighbor discovery among them. 
Several studies about neighbor discovery have been carried out based on experimental measurements. More specifically, measurements presented in [8] demonstrate that BT standard achieves low performance in terms of energy efficiency. New algorithms for the spontaneous discovery in the BT environment are continually proposed and analytical frameworks are often utilized to evaluate the performance in terms of discovery success [5]. 

In [6], authors demonstrate that discovery procedures based on statistical distributions achieve higher performance than deterministic distributions. Moreover, in [7] an analytical evaluation of the time required by two BT nodes to discover each other is dealt with. 

In [3-4], two relevant targets in spontaneous networking are considered: maximize the responsiveness of the neighbor discovery process, given that the energy consumption is lower than a certain threshold; minimize the energy consumption given that certain QoS requirements on the discovery velocity are satisfied. To this purpose the neighbor discovery processes are described by means of Markov chains. The proposed models are applied to a number of significant self-organizing network scenarios.
III. Neighbor discovery model

In order to realize the spontaneous discovery, nodes must monitor their radio coverage area to detect the presence of other devices. To this purpose, each node runs a set of procedures that we call hunting process.

Suppose that at a certain time two nodes, say N1 and N2, enter into the radio coverage area of each other. We define neighbor discovery process the result of the interactions between the hunting process of N1 and N2.

Both of the above processes can be modeled by Markov chains which will be used to calculate the performance.

A. Hunting Process

In order to allow the discovering of neighbor nodes, the hunting process alternates between two phases, called Inquiry and Inquiry Scan. During the first phase, the device broadcasts Inquiry messages; during the latter, the device listens for Inquiry messages transmitted by other devices.

Both the Inquiry and the Inquiry Scan phases involve consumption of energy which is a very scarce resource in most BT scenarios. Therefore, another phase should be considered which we call Doze phase, not involving any discovery procedure.
In the Inquiry phase, the hunting process can transmit several Inquiry messages in different channels for several times. Accordingly, MI states of the hunting process can be defined in the Inquiry phase. Analogously, the hunting process can listen for a certain amount of time over different channels for several times during the Inquiry Scan phase. Therefore MS states of the hunting process can be defined in the Inquiry Scan phase. 

Let 
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 represent the states of the hunting process in the Inquiry and Inquiry Scan phases, respectively. Accordingly, if we call S(H)(t) the state of the hunting process at time t, we have:
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where D represents the above mentioned Doze mode.

We assume that the time spent in each state has exponential distribution and call Q(H) the transition rate matrix of the hunting process. The matrix Q(H) depends on the specific hunting process run by the system under consideration.

B. Neighbor discovery process

The neighbor discovery process is the result of the interactions between the hunting process of two nodes. 

The Markov chain representing this process, therefore, can be derived starting from the model of the hunting process. In fact, the state space of the discovery process, F(P), is given by the Cartesian product of the state spaces of the hunting process of the two nodes, i.e.,

	F(P)  = F(H) x F(H)
	(2)


Consequently, the state of the discovery process at time t, S(P)(t), can be represented by a pair:
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where 
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Obviously, the number of states of the discovery process is given by 
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. Therefore, if the hunting process is complex and consists of a large number of states, i.e. MI and MS are large, then the number of states of the Markov chain modeling the neighbor discovery process explodes.

C. Performance evaluation

The performance of the hunting process can be expressed in terms of energy cost and responsiveness.

The energy cost is due to the energy spent by a node to discover possible neighbors, therefore it considers the energy spent in the Inquiry and Inquiry Scan phases, as presented in [1] and [2].

The responsiveness is measured in terms of the probability distribution function of the discovery time, 
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This can be calculated as in [1] and [2], i.e., 
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where:

· k is equal to the probability that discovery occurs as soon as the two nodes become neighbors, i.e., at time 
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 is the array of the steady state probabilities of the neighbor discovery process and can be evaluated as the Kronecker product of the steady state probabilities of the hunting process
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In (6) 
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can be calculated as the solution of the following linear equation system:
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· 
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· (DISC)* is the transpose of the array of the discovery rates, whose elements are:
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As a consequence of (5), the size of Q(P) can be one of the most decisive factors for the difficulty of the responsiveness evaluation

Finally, in order to calculate the average cost, the state probabilities can be evaluated by solving the linear equation system (7). Instead, to evaluate the responsiveness, the analytical system consists of differential equations. Moreover, to realize analysis directed to the performance optimization, the responsiveness, and so the probability distribution function, has to be calculated in a lot of different situations and for several times t. These reasons and the complexity of the used model may make the calculus of the responsiveness too awkward to be managed.

D. Bluetooth Neighbor Discovery Model

Bluetooth applies the frequency hopping communication paradigm: time is divided in slots of 625 s duration. In each slot the transmitting node uses a different frequency chosen from a set of 79 frequencies in the 2.4 GHz ISM band. Frequencies are selected according to a pseudorandom process which is, obviously, known by the receiver as well.

BT standard defines three operative modes aimed at neighbor discovery: Inquiry, Inquiry Scan, and Inquiry Response. The latter is triggered after a node has discovered another node. Therefore, it should be not taken into account in the evaluation of the discovery time and will not be considered in our analysis.

BT nodes that wants to discover other nodes spontaneously should enter into the Inquiry Scan and Inquiry modes periodically. 
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	Fig. 1 – Inquiry mode


In the following, first we will briefly describe the above modes, then we will model them. Both Inquiry and Inquiry Scan use only M=32 frequency channels, said inquiry hopping sequence, out of the 79 RF channels.

· Inquiry mode. These 32 frequencies are divided into two groups of 16 frequencies each, which we call train A and train B:
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and
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As shown in Fig. 1, the Inquiry Mode phase consists of at least 4 time intervals which we call Multiple Inquiry on a Train of Frequencies Interval (MITFI). Each of such intervals is dedicated to one of the two trains of frequencies in alternative way. Each MITFI consist of 256 Single Inquiry on a Train of Frequencies Interval (SITFI). A SITFI consists of 16 slots numbered from 0 to 15. In the even slots the node transmits beacon messages, in the odd slots the node listens possible answers from neighbor nodes. Even nodes are divided into two halves. In the first 68 s of each halve, the node transmits a beacon message in one of the 16 frequencies of the current train of frequencies. Observe that there are 8 even slots in a SITFI, in each slot two beacon messages are sent, therefore 16 beacon messages can be transmitted in each SITFI. In other words, in each SITFI the node can transmit a beacon message over each frequency of the current train.

Observe that the minimum duration of an Inquiry Mode interval is given by 
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Also odd slots are divided into two halves. In each half, the node listens on the frequency used to transmit the beacon message of the corresponding half of the previous slot. Therefore, train A and train B can be defined. The BT node begins the Inquiry mode sending beacon messages over all frequencies of train A. More specifically, the 16 frequencies are scanned 256 times. Each time the BT node sends a beacon message. 

· Inquiry Scan mode. During the Inquiry Scan phase, nodes scan the frequencies included in the inquiry hopping sequence, in order to intercept the inquiry messages sent by possible neighbors devices performing the Inquiry phase. The Inquiry Scan mode consists of several scan periods, which are at least 11.25 ms long and are repeated at least every 2.56 s. During each period, only a channel can be listened. The channel to be scanned changes every 1.28 s. We call this time interval frequency phase. When the device intercepts an Inquiry message, it stops the Inquire Scan phase and enter the Inquiry Response mode.

As a consequence, as shown in Figure 1, the BT model should consider: 

	[image: image24.wmf] 

	Fig. 2 – BT  scenario : Hunting process analytical model.


· the Inquiry mode consisting of:

· 32 transmission states (TXn, with n=1, 2, …, 32) representing the time periods when the node sends the Inquiry messages on the 32 different channels. The average time spent in each of these states is TTX=68 (s.

· 1 doze state (DTX) representing the interval between two consecutive transmissions of beacon messages. If the two beacons are transmitted during the same slot, then the duration of the interval is 244.5 (s. On the contrary, if the two beacon messages belongs to different time slots, then the duration of the interval is 869.5 (s (i.e. 244.5 + 625 (s). The alternation of the these two occurrences implies that the average time spent in DTX state is 
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· the Inquiry Scan mode consisting of:

· 32 receiving states (RXn, with n=1, 2, …, 32) representing the time periods when the node listens on the 32 different channels. We denote as TRX the average time spent in each of these states.

· 1 doze state (DRX) representing the interval between two consecutive scan periods. The relevant average time spent in this state is 
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· the Doze state which accounts for the time intervals where the node is not involved in any discovery procedure. We denote as TDZ be the average time spent by the node in that state. 

Accordingly, if we assume that the time intervals spent in each state are random variables with exponential distributions, then we can define a transition rate matrix Q(H), whose generic element can be calculated as:
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with 
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 and where: 

· MSW is the number of channels scanned during an Inquiry Scan phase;

· MIM is the number of inquiry messages sent during an Inquiry phase, i.e., MIM =16·256·4.

IV. Simplified model

According to section III.3, the responsiveness has to be evaluated using a Markov chain whose state space is given in eq. (2). In the BT case, this consists of about 4489 states, 32 of which represent the Discovery States. As a consequence, the transition rate matrix Q(P), to be considered includes nearly 20 millions of elements has.

Moreover, the discovery happens if one of the two nodes sends an inquiry message while the other is already scanning the same channel. Consequently, the states (RXm, TXm) and (TXm, RXm) cannot be always considered as discovery states. Actually, the discovery occurs only if (RXm, TXm) or (TXm, RXm) are reached from states (RXm, DRX) and (RXm, DTX), or (DRX, RXm) and (DTX, RXm) respectively, with m=1, 2, …, 32. This means that each of the above mentioned situations have to be represented through two different states of the Markov chain, increasing consequently the complexity of the system.

Also, observe that, some of the elements of Q(P) are equal to zero, and others may differ from each other of many magnitudes. As a consequence, the numerical computation of the inverse matrix [Q(P)]-1 in (5) is very heavy to be carried out and may lead to unstable results. 

We can conclude asserting that BT standard complexity makes the application of general modeling approaches very difficult to be realized. As a consequence simplified model of the BT discovery process needs to be developed. 
To this purpose note that, according to the BT standard, the duration of two SITFIs is lower than the time spent by a node in the Inquiry Scan on a single channel. This means that the probability that a beacon message will be sent on the right channel is very high. As a consequence, we will simplify the discovery model considering only three states derived by the three modes, i.e., Inquiry Scan, Inquiry and Doze, as shown in Figure 3.
For the simplified model, the average duration of the Inquiry and Inquiry Scan procedures, i.e., TINQ and TSCAN, must be evaluated taking the rules laid down by the BT standard into account. Consequently, TINQ is equal to 10.24 s and, given that the BT standard imposes the duration of each frequency phase to be equal to 1.28 s, then TSCAN =1.28·MSW seconds. Moreover, the average time spent in Doze mode, TDOZE, has to be equal to TDZ of the BT model described in Section III.D.

Note that in this way we neglect the states D​​TX and D​​RX which may involve a significant change in the calculation of the energy cost. For this reason we will calculate the above cost using the complete model described in Section III.D.
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	Fig. 3 –  Simplified model of the hunting process.
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	Fig. 4 –  Simplified model of the neighbor discovery process.


According to eq. (2), the neighbor discovery model (Figure 4)  consists of only 9 states and the relevant transition rate matrix 
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Moreover, said TCYCLE the time period between the beginning of two consecutive Inquiry phases, the steady-state probabilities can be calculated as:
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Note that the elements of the transition rate matrices, 
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It is possible to demonstrate that the elements of   
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Eq. (15) demonstrates that, once the steady-state probabilities 
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 are set, the probability distribution function FT(t) does not depend on the specific values of t and TCYCLE but depends on the ratio (t/TCYCLE). 

V. Accuracy assessment

In order to assess the accuracy of the proposed simplified model, we realized a C++ simulator reproducing the actual behavior of BT devices and a Matlab software code to compute the analytical model responsiveness. A comparison between the performance provided by the analytical simplified model and the simulator has been carried out.

Given that the responsiveness is expressed throughout the probability distribution function, the simplified model accuracy has been tested by comparing the functions FT(t) obtained by the simulation and the analytical model.

In the simulation, the average times set for the states included in the Inquiry phase have been chosen in accordance with the BT standard as we have already explained in Section III.D. Besides, we set an average time TDZ=2.56 s. The duration of the Inquiry Scan procedure has been considered dependent on MSW which we have chosen equal to 2, 8 and 16 channels.

In Figures 5 the probability distribution functions of the discovery time T obtained through the simplified analysis and the simulation are compared. It is evident that the results obtained through the two methodologies are very similar and no substantial difference are shown.
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	(a) MSW=2
	(b)  MSW=8
	(c)  MSW=16

	Fig. 5 – Probability distribution functions


However, the simplified analysis has required computational times several order of magnitudes lower than simulation. More specifically, using a computer mounting an AMD Duron processor and 256 Mb RAM, it is important to note that the calculus of each probability distribution function required on average about 40 minutes by simulation and less than 5 seconds by the simplified analysis.
VI. Conclusions

In this paper we have introduced a methodology for the construction of a simplified model of neighbor discovery in Bluetooth networks. Such simplified model can be used to calculate rapidly the responsiveness of neighbor discovery. 

The proposed model has been assessed by comparing its results in terms of the probability density function of the neighbor discovery time to that obtained through simulations. Our results show the accuracy of the proposed model. Furhtermore we have found that the simplified analysis has required computational times several order of magnitudes lower than simulation.
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