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ABSTRACT

In this paper, we focus on an information gathering system where a reader continuously collects information
from mobile nodes in its access area, such as environmental information cameras and sensors. We assume that
a mobile node is relatively tiny and does not have a high-precision antenna to sense carriers emitted by other
nodes. Although a random access method like ALOHA can be easily used, it has disadvantages of transmission
efficiency and energy consumption. To tackle these problems, we propose a novel method that is a combination
of random and selective accesses. At first, a reader sends an ID request to all nodes. Then, each node replies
its ID to the reader at a response probability involved in the request. Finally, the reader selectively gathers
information from nodes according to the obtained ID lists. In our method, non-registered nodes and non-deleted
nodes affect the system performance. The non-registered node is a node that is in the access area but its ID is
not registered to the reader. The non-deleted node is a node that leaves the area but its ID is still registered
to the reader. In this paper, we first derive their numbers by an analysis using the Inversion Formula of Palm
Calculus. Then, we conduct simulation experiments to verify the analysis. Simulation results show that our
method can achieve 70% of transmission efficiency while ALOHA and slotted ALOHA attain 18% and 36%,
respectively when node mobility is relatively small.

1. INTRODUCTION

In an ubiquitous network, information and data exist anywhere and anytime. One of key issues is how to gather
information effectively from numerous nodes in such a network. For example, in a physical distribution system,
it is expected that an effective information gathering system can be attained by introducing Radio Frequency
Identification (RFID) system.! In a current RFID system, a reader cannot effectively collect information from
multiple nodes in its access area. This is because a collision occurs when multiple nodes simultaneously transmit
their information to the reader. To tackle this problem, many researchers focus on anti-collision mechanisms
that improves the probability that only one node transmits its information to the reader for a given length of
time.5 8

However, they did not consider node mobility. In an ubiquitous network, it is possible that a node can freely
move around. If each mobile node periodically captures the surrounding image by a camera equipped, the reader
can monitor the access area by sequentially collecting the images from multiple nodes. Such a monitoring system
can be used for detecting emergent events in the access area. In such a system, we need a novel information
gathering method that considers the node mobility. Although ALOHA and CSMA-CA are the most popular
media access control techniques for wireless networks,”**3 it has been pointed out that their performances
degrade as the node mobility becomes high. Furthermore, a mobile node does not necessarily enable to sense
career emitted by others because its computing capacity and antenna performance for wireless communication
are limited. On the other hand, a reader has a high computing capacity and a high-end antenna capable of
career sense.
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Figure 1. Overview of our system

In this paper, we propose a novel method to sequentially collect information from multiple mobile nodes.
We assume that the information of a mobile node is composed of ID and its own data. The basic idea is
dividing an information gathering phase into two phases: ID registration phase and data gathering phase. In
the ID registration phase, a reader collects IDs from all mobile nodes by randomly accessing them one by one
with a certain probability (i.e., response probability). To efficiently collect IDs from all nodes, the reader must
appropriately control the response probability in accordance with the number of nodes in the access area. Once
the reader knows an ID of a node, it can selectively access to the node without collisions among multiple nodes.
We also introduce a method to switch the two kinds of phases to cope with the node joins and departures.

We first analyze the basic traits of the proposed method in a stationary state by using the Inversion Formula
of Palm Calculus.” To verify the results of analysis and further evaluate the proposed method, we conduct
several simulation experiments.

The remaining of the paper organizes as follows. We explain the proposed method in section 2. Section 3
describes the basic analysis of the proposed method. Then, we conduct simulation experiments to verify the
analysis and evaluate the proposed method in section 4. Finally, we conclude the paper and discuss future works
in section 5.

2. PROPOSED METHOD
2.1. Overview

Figure 1 illustrates an overview of our system. A reader collects data from nodes in its access area where it
can contact nodes with a wireless communication. For simplification of explanation, Fig. 1 illustrates the case
that only one node exists in the system. After a node comes into the access area (I), the reader communicates
with the node to register the node’s ID to reader’s own ID list (IT). The reader periodically collects data from
the node. If there are multiple nodes in the ID list, the reader sequentially gathers data from them according
to the ID list (III, IV). After the node leaves the access area (V), the reader knows that the node departure by
detecting timeout (VI), it removes the corresponding ID from the ID list.

We explain a basic method using a combination of random and selective accesses in subsection 2.2. Then, we
extend the basic method to cope with the node mobility in subsection 2.3.
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Figure 2. Overview of basic method

2.2. Basic method
Before explaining the whole of our method, we first discuss the case where nodes do not move around.

Figure 2 shows an overview of our basic method. The basic method consists of two kinds of phases: ID
registration phase and data gathering phase. At first, an ID registration phase is initiated to collect each 1D
from all nodes in the access area. After the ID registration phase finishes, data gathering phase is infinitely
carried out to gather data from them according to the ID list. In the following, we describe the details of each
phase.

In the ID registration phase, the reader sends an ID request to all nodes in the access area. On receiving the
ID request, a node that has not registered its ID (i.e., non-registered node) replies an ID response to the reader
with the response probability defined in the ID request. The purpose of the probabilistic approach is to prevent
that multiple nodes simultaneously respond to the same ID request, which results in a collision. On receiving
an ID response, the reader registers the ID and sends an ID confirmation to the corresponding node. Note that
the reader can communicate with a specific node using the ID. If a node receives an ID confirmation, it will not
respond the succeeding ID requests. The reader detects timeout when any node does not reply the ID request
for pre-determined time. The timeout can be also used for detecting the finish of the ID request phase. The ID
request phase finishes when any node does not respond an ID request with the response probability of one.

After the ID registration phase, data gathering phase is sequentially carried out. In the data gathering phase,
the reader selects a node from the ID list in an ascending order and sends a data gathering request to the selected
node. On receiving the data gathering request, the node responds its own data to the reader. On the contrary
to the ID request, the data gathering request is sent to only one node, thus any collisions do not occur. If the
reader finishes gathering data from all nodes registered in the ID list, the next data gathering phase starts.

Since a collision may occur only in the ID registration phase, our basic method is effective as the number of
data gathering phases becomes large.
2.3. Extended method

When a node can move around, it may freely enter and leave an access area. In such a case, the basic method
cannot gather data from nodes that enter the access area after the ID registration phase finished. To tackle this



Submitted version

problem, we extend the basic method by introducing a mechanism to switch the ID registration phase and the
data gathering phase.

Whenever the ID list is empty and there is no data to be read, the ID registration phase is repeated. Otherwise,
the following sequence is continued. First, the reader selects a node from the ID list in an ascending order and
then gathers data from the selected node. Then, it changes to the ID registration phase with a pre-determined
probability (P,;-) to detect a new node entering the access area. Regardless of the result of the ID registration,
the reader resumes the data gathering phase again.

Furthermore, the reader must update its ID list whenever a node enters or leaves the access area. It can know
a node departure by detecting timeout after sending a data gathering request. If the timeout occurs, the reader
removes the corresponding ID from the ID list. A node that leaves the access area but its ID is still registered in
the ID list is called as non-deleted node. On the other hand, when a new node enters the access area, the reader
has to register its ID as soon as possible. However, there may be more than one non-registered nodes in the
access area. To effectively read each ID from multiple non-registered nodes, the reader appropriately controls
the response probability to avoid a collision. The optimal response probability is determined by the number of
non-registered nodes but the details are described in section 3.

To gather data from a node before its departure from the access area, the reader has to restrict the time that
each node can transmit its data to the reader at once. We introduce parameter D that is the ratio of the time
for data response to the time for data request. The appropriate value of D depends on the application.

3. ANALYSIS

In this section, we focus on the most significant parameters that affect the system performance: the number of
non-registered nodes (N,s), the number of non-deleted nodes (NV,q4), and the response probability (Pigysp). If
N, increases, the reader cannot effectively collect data from the registered nodes because it has to spend much
time for registering the IDs of non-registered nodes. The large value of N,4 also degrades the efficiency of data
gathering due to the increase of timeout at the data gathering phase. Furthermore, the reader has to control
appropriately Pigrsp to read an ID from only one node at once.

We first derive N,s and N,.;. These parameters are affected by other parameters of the proposed method
and system environments. The related parameters of the proposed method are Pyand Pigrsp. The system
environments are the node mobility and the scale of the system, namely the number of nodes in the access area.

N, increases as time passes and decreases when the reader successes to register an ID of a node. On the
contrary, N, also increases as time passes and decreases the reader detects a node disappearance. We define T°
as the average interval between two successive ID requests.

T
T = Tat M

Here, T;4 is the average time of an ID registration sequence and Ty, is that of data gathering sequence.

T; = PigoTiato + PidregTidreg + PiacotTidcol (2)
Tdata = Pdttontto + PdtregTdtreg (3)

Here, Pidio, Pidreg, and Pjq.o1 are the probabilities of timeout, success of registration, and collision in the ID
registration phase, respectively. Tigto, Tidreg, and Tjqeco; are time required for each event. On the other hand, Py,
and Pgrcq are the probabilities of timeout and success of registration in the data gathering phase, respectively.
Tarto and Tyireq are time required for each event.

As mentioned before, the reader successes to register an ID of a node if only one node sends ID response to
it. Therefore, for each T, Pigreq becomes as follows.

Pidreg =N,s Cl * ]Didrsp * (1 — Pidrsp)(N"'S*l) (4)
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Next, we derive the rate R4 of removing a non-deleted node. The reader accesses % nodes for each 7°. If

there are N,., nodes registered to the ID list, the time that reader needs to access all of them becomes N;.oT° P
Suppose there are N,.4. non-deleted nodes in the access area, Rge; is derived as follows.

Nrdc
Ry = N +T0x P, (5)

We assume that the number of nodes that enter the access area follows a poisson distribution whose average
arrival rate is R;,. On the other hand, we assume that the average inter arrival time between two successive
node departures follows an exponential distribution whose average is P . We focus on the system performance
in the stationary state not the transient state. In the stationary state, the number of nodes entering the access
area is equal to that leaving the access area as follows.

Rin = alPout (6)
Furthermore, in the stationary state, the increasing amount of non-registered nodes, that is R;,, becomes the
same as the decreasing amount of them as follows.

Preg

Rin = T0

+ Pout * Nrs (7)

Note that we use the Inversion Formula of Palm Calculus (See Appendix A) with A = - and E°(-) = P,
because P4 is an event-driven parameter and others are time-driven parameters. By introducing the Inversion
Formula, the rate of registering non-registered nodes is also equal to the rate of removing non-deleted nodes Rge;

as follows.
P, reg

TO

= Rgal (8)

We can regard the process of removing non-deleted nodes as a queuing system in which the average arrival
rate is the rate of removing non-deleted nodes R4.; and the average service duration is the time that the reader
accesses all nodes in the ID list, namely N,.T°P,;.. By using Little’s law, we can derive the average number of
non-deleted nodes removed, i.e., N4, as follows.

Nrdc

Noa = =2 9)

The number of nodes in the ID list (IV,,) is sum of N,.q and the number of registered nodes (N;..) as follows.
Nra = rd+Nrc (10)
The number of nodes in the access area (Ng;) is sum of N,s and N, as follows.

Nal :Nrs+Nrc (11)

Based on the above mentioned equations, we derive N,; and N,4. By using Eq. (4) and Eq. (7), we obtain
the following equation.
Nk Py 1— Py YNrs—1)
Rin _ Vs * idrsp * (TO uiup) + Pout % Nrs (12)
We can indirectly obtain N,.; by using this equation.

On the other hand, N,4 is derived as follows.

2 0
R +T" %Py,

Nyq = Fout (13)
2 « (1 _ %)

The details of the derivation is described in Appendix B.
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We also make an analysis on the optimal value of response probability Pjgysp, which maximizes Pjgreq. We
first differentiate Eq. (4) with respect to Pjgysp as follows.

dPidreg
dPidrsp

Nrs(l - NrsPidrsp)(l - —Pidrsp)NTs_Z (14)

Since Pigrsp ranges [0,1], (1 — Piarsp) is always positive. When 0 < Pigpsp < Ni, Eq. (14) becomes positive.
When Ni < Piarsp < 1, Eq. (14) becomes negative. Thus, the optimal value of P45, is following.
1

opt _
Ridrsp - Nrs ( 1 5)

Equation (15) indicates that the reader should control Pigreq in accordance with N,,. However, the reader
cannot directly obtain N,s;. To tackle this problem, we further introduce a method to autonomously control
Pi4rsp based on the results of the last ID request. If the reader successes to receive an ID response, it does
nothing. Otherwise, it changes Pi4rsp as follows.

P | PurspxX (0< X <1) (If collision occurs) (16)
idrsp = PigrspxY (1<Y) (If timeout occurs)

X and Y are control parameters represents the trade-off between accuracy of the estimation and adaptability to
changes of N,;. Timeout/collision indicates that the reader underestimates/overestimates N,.; compared with
the actual number of nodes.

4. SIMULATION EXPERIMENTS

In this section, we conduct several simulation experiments to evaluate the system performance and the validity
of the analysis in section 3. We evaluate the system performance in terms of the efficiency of ID registration and
data gathering. N,.; can be used to evaluate the efficiency of ID registration. Smaller value of N,s means that
the reader effectively collects IDs from nodes in the access area. On the other hand, we evaluate the efficiency
of data gathering with two kinds of criteria: N4 and Nyeqq. If N4 is small, the reader can gather data from
nodes with less number of timeout. N,.q.q is average number of data gathering per node, which is defined as
the ratio of the total number of data gathering to the total number of nodes entering the access area during the
simulation. The larger N,..q.q is, the more often the reader can gather data from each node in the area.

In the next subsection, we explain the simulation settings. Then, we evaluate the basic characteristics of the
proposed method and verify the validity of the analysis in subsection 4.2. Subsection 4.3 presents the effectiveness
of autonomous control of P;4.s, described in section 3. 000 P, 00000000 IDOOOOOOOOOO
ooooooooooooogoo

4.1. Simulation settings

000000000000 O00000O00O0,000,00000000,000000000000000000
00. 000000000000000000600,00000000000000 Ri,Py 0000000
00000000.0000000000000 Ny =12000000000000000.000 Rip, Pyw O
(Rin, Pout) = (1,0.00833), (2,0.0166), ...0 Rin, Py 000000000 .Rin,Ry 000000000000
000000,00000000000000000,000000,00000000,000000000000
00000.d000000,00000000000000000000000000000000.00000
2300000000 DO0ODOOOOODOD. 00000000 10000000000000000000
0000000000 DOOO0O0O0O00D,00000 DOOOODOOODODOONODODO.
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Figure 4. Efficiency of data gathering (Pigrsp = 0.1, Puir = 1)

4.2. Basic characteristics

In this subsection, we set Pigrsp and Py, to 0.1 and 1, respectively to evaluate the basic characteristics of the
proposed method.

03,0 4(a), 0 4(b) 0,D=3,51000 R;;, 000000 Npg,Nypg,Npeoq 00 0000000000.0 3,0
4a)0000000000000000000000000. 03,04(a),04b)0000,DO0000000 Ry
000000000 N, N,qO0OOOOO, N,00000000.0000000000000000 IDOO,
000000000000 0000000000000000. 00,R;, <600000,R,0000000,D
000000000 N,,,N,,O0OOOOO, N, 00000000.0000,000000000000000
0000, 00000000000000,0000000000000000000000O.
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R, >1200000000000000,N,,0000D000D0.000000000 NgeDODOOOODODOO,O
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Figure 5. Efficiency of ID registration (Pjgrsp = auto, Pyir = 1)
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4.3. Effectiveness of autonomous control of Py,
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Figure 6. Efficiency of data gathering (Piarsp = auto, Pyir = 1)

5. CONCLUSION AND SUMMARY
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In this paper, we proposed a radio communication method to fit ubiquitous environment. The method could
achieve high transfer efficiency by using combination of random access and selective access. This result is higher
than legacy methods. In analysis of the method, Palm calculus makes it easy to analyze a state that is consisted
of combination of event driven phenomenon and time driven phenomenon. In our simulations, we confirm trade-
off among transfer efficiency, non-registered nodes, and non-deleted nodes. It’s very important to balance this
relation by tuning appropriate parameters. In ubiquitous environment, it’s natural to think that the number and
mobility of the nodes is not constant. So our method can deal such case by changing probability of id response.
A future problem is a study of the most suitable control probability of id reply, consideration of consumption
electricity of a node, and improvement of a simulator.
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APPENDIX A. PALM CALCULUS

Palm calculus? is a set of formulas that relate time averages versus event averages. Time averages are obtained
by sampling the system at arbitrary time instants. The event averages are obtained by sampling the system
when selected state transitions occur. In general, the behavior of a system can be expressed as a Markov chain.
If the chain is irreducible, which means that any state can be reached from any state in a infinite number of
steps, then the stationary regime is independent of the initial conditions. If the system is both irreducible and
converges to some stationary behavior, then it has an unique stationary regime and is said to be “ergodic.” In
such a system, the following inversion formula makes sense in the steady state.

T
E(X;) = E(Xo) = AE° (Z Xs> (18)

s=1

Here, E(X;) and E(Xy) are time averages at t and 0 in stationary regime, respectively. E°(-) is palm expectation.
X s is some observation of the system that is jointly stationary with the simulation. 77 is the number of transitions.
A is intensity that is the number of transitions per time unit.

APPENDIX B. DERIVATION OF Ngrp

From Eq. (6) and Eq. (11), we obtain
Rin
N,, = — N, 19
Pout ( )

Next, we derive the following equation from Eq. (10) and Eq. (9).

Nrdc

Nra - Nrc + D) (20)
From Eq. (19) and Eq. (20), N,, becomes
Rin Nrdc
Nyq = — Ny . 21
Pout 2 ( )
From Eq. (8), Eq. (5), and Eq. (4),
Nrdc o Nrs * Pidrsp * (]- - -Pidrsp)(Nmil) (22)

TO % N,, % Pir 70
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From Eq. (4) and Eq. (7),

Rin

out

Nys % Pigrsp * (1 — Pidrsp)(N”_l) = Py * ( - Nrs) « T° (23)

By substituting Eq. (22) to Eq. (23), we get

Nrdc Rzn
TO% Nyo s Py Lot (Pout N”) ' (24)

We obtain the following approximate expression by omitting N, in Eq. (21) and Eq. (24).

2 0
R; +*T" % Pyir

Pou
Nyge = m (25)
- 2

Finally, N,q is derived from Eq. (9) and Eq. (25).

R2 +T %Py,
Noa = — P (26)
in* R yir
2 (1 - BantDePuse )

We should note here that Eq. (26) is an approximate expression that makes sense when N, is relatively small.
The validity of this analysis is evaluated in our simulation experiments (section 4).



