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The main objective of Radio Frequency Identification systems is to provide fast identification for tagged objects. However,
there is always a chance of collision, when tags transmit their data to the reader simultaneously. Collision is a time-
consuming event that reduces the performance of RFID systems. Consequently, several anti-collision algorithms have been
proposed in the literature. Dynamic Framed Slotted ALOHA (DFSA) is one of the most popular of these algorithms. DFSA
dynamically modifies the frame size based on the number of tags. Since the real number of tags is unknown, it needs to be
estimated. Therefore, an accurate tag estimation method has an important role in increasing the efficiency and overall
performance of the tag identification process. In this paper, we propose a novel estimation technique for DFSA anti-collision
algorithms that applies birthday paradox theory to estimate the number of tags accurately. The analytical discussion and
simulation results prove that the proposed method increases the accuracy of tag estimation and, consequently,
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Introduction

Radio Frequency Identification (RFID) systems are a fast and
reliable technology for identifying tagged objects by transmitting
RF signals. As in the case of other identification technologies, such
as barcodes, the main idea of an RFID system is to identify objects
uniquely. An RFID system enjoys several technical advantages
over barcodes, the most important of which is simultaneous
identification, in contrast to sequential barcode reading.

As mentioned previously, the identification process in an RFID
system is based on transmitting RF signals. Hence, in identifying
multiple tags at the same time, there is a probability of collision
among the signals that tags emit. When a collision occurs, the
reader cannot identify the tags involved in the collision, and the
identification process fails. As a result, the identification process
has to repeat until all tags in the interrogation zone of the reader
are identified successfully. Therefore, collision increases the
identification time and energy consumption in the tag identifica-
tion process.

Nowadays the application of RFID systems is increasing
sharply, and RFID applications have dominated in almost all
fields of science, such as social science [1], animal tracing [2,3],
health care [4], supply chain management [5,6], and manufac-
turing [7]. In order to expand the application of RFID systems and
increase their reliability, technical issues in RFID technology that
delay identification and waste time and energy have to be
considered.
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Several anti-collision algorithms have been proposed to avoid
the abovementioned situation and decrease the probability of
collision. Anti-collision algorithms are generally categorized into
ALOHA-based [8-16] and tree-based [17-23]. In ALOHA-based
anti-collision algorithms, the reader allocates to the tags a frame
involving the numbers of reading time slots, and each tag
randomly selects a slot for transmitting its ID to the reader. The
maximum performance of ALOHA-based anti-collision algo-
rithms is obtained when the number of allotted slots is selected
based on the number of tags. In contrast, in tree-based anti-
collision algorithms the optimal number of branches depends on
the number of unread tags [24]. Since primary knowledge of the
number of tags is not available to the reader, we need to apply
estimation methods to approximate the number of tags. Conse-
quently, the accuracy of the applied tag estimation method has a
direct effect on the performance of the RFID tag identification
process.

In this paper, we propose a new tag estimation method based on
birthday paradox probability theory. The results of applying the
proposed method indicate higher accuracy and lower estimation
error. Consequently, an accurate estimation results in a high
performance tag identification process.

The rest of this paper is organized as follows. In the next section,
we evaluate related work and discuss previous estimation methods.
In section 3, the birthday paradox tag estimation method is
presented in detail, followed by the results and discussion in section
4. Finally, we conclude in section 5.
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Evaluation of Previous Tag Estimation Methods

In the ALOHA-based tag identification process, the reader first
sends the tags a query with a frame size. Next, each tag in the
interrogation zone of the reader selects a slot randomly in the
range of the frame size. Then the reader scans the slots one by one.
After a read cycle, in which all the slots are scanned, the reader
provides a number triple, such as <, C;, Cx>>, which represents
the number of idle slots, successful slots (slots with one tag), and
collision slots (slots with more than one tag), respectively. Now,
based on the number triple and knowledge of the frame size (VV),
the number of unread tags is estimated to determine the optimal
frame size for the next read cycle. To obtain the general view of
the identification process Figure 1, as an example, shows the
DFSA anti-collision algorithm. As illustrated in the Figure 1, in the
first read cycle, the reader sends the tags a query with a frame size
(N'=23). Then all the tags select a slot randomly. Next, the reader
scans all the slots one by one. After the first read cycle, we have a
triple number as: Cy=0, C; =1, and Cx=2. Now based on the
triple numbers and the first frame size we estimate the next frame
size as N'=J. In the next read cycle only the tags involved in the
collision response to the reader’s next query. In this example, tag 2
successfully identified in the first read cycle, and not responses in
other cycles. This process will continue until all tags be identified
successfully. In the following, we explain some previous tag
estimation methods and evaluate them critically.

i. Lower Bound Tag Estimation Method

The lower bound tag estimation method is based on a simple
assumption proposed by Vogt in 2002 [25]. Following Vogt’s
suggestion, we assume that at least two tags are involved in a
collision, so the number of tags is computed easily using Eq. (1).

ep=C1+2Ck (1)

The lower bound is the simplest tag estimation method with
very low computational requirements, just a simple addition and
multiplication. Moreover, the lower bound method is very simple
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to implement, since it just multiplies a static number by the
number of collisions. However, when the number of tags increases,
the accuracy sharply decreases. This method is no longer used in
ALOHA-based anti-collision algorithms owing to its low accuracy,
but it is recommended for the lower tag range [26].

ii. Schoute Tag Estimation Method

This method was proposed by Schoute et al. in 1983 [11]. In
this method, the authors calculate the a posteriori expected value
of a number of tags involved in a collision slot. They demonstrate
that, on average, 2.39 tags are a constant value for collision slots.
Thus, Schoute estimates the number of tags simply by using Eq.

2)-

&Schoute = C1+2.39Cx (2)

Just as with lower bound, the Schoute tag estimation method
has low computational requirements and shows good performance
in the low range of tag numbers. Schoute provides a more accurate
estimation than the lower bound, but its accuracy falls sharply,
when the numbers of tags are increased, because Schoute also
estimates the number of tags statically.

iii. Idle Slot Tag Estimation Method

Khandelwal et al. proposed this method, based on the
probability of the idle slots occurring, in 2007 [27]. As shown in
Eq. (3), when the number Cj = 0 (there is no idle slot), the equation
cannot be applied, so the authors used the lower bound estimation
method in this case.

log (&0
Eidle = toe(F)_ ? (3)
log(1—

In Eq. (3), N and Cj represent the frame size and the number of
idle slots respectively.
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Figure 1. Dynamic Framed Slotted ALOHA Tag Identification Process.

doi:10.1371/journal.pone.0095425.g001
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Figure 2. Average number of different birthdays as the number of people increases.
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The idle slot method shows a higher accuracy in comparison
with Schoute and lower bound; it dynamically estimates the
number of tags when that number increases. However, the
computational requirements necessitated by fractions and loga-
rithms are much higher than those in Schoute and lower bound.

iv. Chebyshev’s Inequality Tag Estimation Method
Applying Chebyshev’s inequality as a method for estimating the
number of tags was proposed by Vogt in 2002 [25,28]. Based on
this theory, Vogt proposed an estimation function that uses the
distance between the read result ¢ and the expected value vector
to determine the value of n for which the distance becomes
minimal. Vogt denotes this estimation function by ¢, defined in

Eq. 4).

N.,n

a, Co
ew(N,Co,C1,Cx)=min,|| )" | —| C (4)
) \C

where N represents the frame size, the variables (Cy,C;,Ck) are
the results of the read cycle (the number of slots captured by the

reader), and the variables (ay ’",a{v’",ag’g ) correspond to the
expected value of the idle slots, successful slots, and collision slots,

respectively, calculated as in Eq. (5).

n r n—r
o= (M) -4 ®
The accuracy level of Chebyshev’s inequality is high and it
changes dynamically with increasing numbers of tags, but it has
the highest computational requirements, because it involves
recursion.
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V. Bayesian Tag Estimation Method

Applying Bayes’ principles to a multi-access system seems not to
be novel. Rivest suggested a Bayesian transmission approach for a
slotted ALOHA broadcast system [29]. According to Rivest’s
research, Floerkemeier also used the Bayesian transmission
approach to an ALOHA RFID system [30]. These types of
research basically consider ways to monitor system transmission.
However, the tag estimation approach was not considered in such
work.

Bayesian tag estimation was suggested in 2010 by Wu and Zeng,
who see 7 as a random variable [31]. They also update the
previous distribution of n through the posterior distributionp(n|C)
The tag quantity of Bayesian estimation is as in Eq. (6).

+ o0
€Bayes = ATgMilieo » . J(,n)p(n|C) (6)
n=1
where J(71,n) is a risk function and p(n|C) is the probability of n,
given event C. The study tag range, the set Q, is as in (7).

Q={n|C,+2Cx<n<M} (7)

where Wu and Zeng imagine that M is the optimal number of tags
that an RFID system can read. In addition, they propose three
different evaluations employing three types of risk functions. The
Bayesian tag estimation method offers the highest accuracy among
the proposed methods, but this method also suffers from high
computational requirements resulting from recursion.

Table 1 summarizes and compares the characteristics of the
abovementioned tag estimation methods.

Methodology

As discussed in section 2, different researchers apply various
mathematical rules and probability principles to achieve the
optimal estimation of the number of RFID tags. In this section, we
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Figure 3. Applied DFSA anti-collision algorithms.
doi:10.1371/journal.pone.0095425.9003

explain birthday paradox probability theory and propose a new
tag estimation method by applying the extension of the birthday

paradox to RFID systems.

PLOS ONE | www.plosone.org

Birthday Paradox-Based RFID Tag Estimation Method

)

uoijouny uonnquisia

uonoun4 peay

1

uopewns3 Aepyyl

Birthday paradox (problem)
probability theory, the birthday paradox (problem) looks for the

D

)

probability theory. In

probability that at least two people have the same birthday in a

April 2014 | Volume 9 | Issue 4 | 95425



Birthday Paradox-Based RFID Tag Estimation Method

1000 =4 Lower Bound P
900 - —#— Schoute
Idle Slot e
EP 800 - **w+* Vogt .
%’ Bayesian x
« 700 - —a— Birthday
(]
o ---=s---- |deal
£ 600 -
=
c
T 500
E
E
= 400 -
(%]
w
300 -+ = - =
200
100 A T T T T T
100 200 300 400 500 600 700 800 900 1000

Exact number of tags

Figure 4. Comparison of estimated number of tags among different methods.
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given group of n randomly selected people. This theory involves
the two assumptions that each day of the year is equally probable
for a birthday, and that all the birthdays are independent [32].
We are not interested in the probability that at least two people
share the same birthday. Therefore, we extend the birthday
paradox theory to define a new problem. How many different
birthdays on average will a group of n people have? To solve this
problem, suppose that we have a random group of n-/ people and

that, on average, such a group has E,_; different birthdays. Now, if
one person joins the group, the probability that this person’s
birthday matches that of someone in the previous group is £, ;/
365, and the probability that the person has a unique birthday is /-
E, ;/365. Consequently, the value of F, can be calculated as in Eq.

8)-
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Figure 5. Comparison of estimation error among different methods.
doi:10.1371/journal.pone.0095425.g005
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E, =
l—a

— 364
where o= 3.

The next interesting extension of the birthday paradox happens
when m people in a group of n people share a common birthday;
we call that birthday an m-birthday. We are interested in knowing
the average number of m-birthdays in a group of z people. In other
words, we are looking for the average number of days with exactly
m births. We denote the average number of m-birthdays in a group
of n people as f,” Based on the previously described method; £, is
calculated as in Eq. (9).

"m Eu—i m . m—711 m
fn :(1— 3”65) n—1+ 365 (f;t—1+1)

Enfl_ .m,711_ WL] fm,1
n n m n mo_q
+ 365 n—1+ 365 n—1 ) (9)

om e o 1—a\"”
=aof," +(1—a)f," _1—0(<m>( " )

Based on Eq. (9), the average numbers of days with no birth and
with only one birth for a randomly selected group of n people are
as shown in Eq. (10) and Eq. (11), respectively:

In= (10)

1 an—1
n =no

Table 1. A short summary of the existing tag estimation methods’ characteristics.

(1)

Tag Estimation Method Status Accuracy Computational Requirements
Lower bound Static Low Low (addition, multiplication)
Schoute Static Low Low (addition, multiplication)
Idle Slots Dynamic High High (fractions and logarithms)
Chebyshev’s Inequality Dynamic High Very High (recursion)
Bayesian Dynamic High Very High (recursion)
doi:10.1371/journal.pone.0095425.t001
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Therefore, based on Eq. (8) and Eq. (9), the average numbers of
different birthdays a group of n people will have is given by Eq.
(12). Figure 2 illustrates the behavior of £, £,/, and E, as the
number of people increases.

n

1 noogn n 1—o\" 1—«
E,= " = 12
Y= ) =

Birthday paradox-based tag estimation method. In the
previous sub-section, we explained the birthday paradox and its
extensions in detail. Now in this sub-section we want to apply the
extension of the birthday paradox to RFID systems to estimate the
number of tags. If we replace the people by tags and the days by
slots in the birthday paradox, we can estimate the number of tags
using Eq. (12), where a=(N—1)/N.

We have already mentioned that there are three different
situations for slots in RFID systems. First, there may be no tag in a
slot, in which case the slot is an idle slot (no birth on that day, a 0-
birthday); second, when the slot is successtul, only one tag
transmits its ID to the reader (only one birth on that day, a I-
birthday); and third, when more than one tag transmit their signals
at the same slots (more than one person share same birthday, a m-
birthday, m> 1), there is a collision. We denote the three different
situations as Gy, C;, and Cy, respectively. Therefore, based on the
extension of birthday paradox, we have:

Co=10= % (13 —a)
Ci=f!=no""! (13 —b)
Cx= > fr (13 —¢)
m=2
Cl + CK: nl + szf”m = Zlf’;n :E” = 11—7‘2: (13 - d)

Hence, in RFID systems, the values of Cy, C;, and Cy are
obtainable after any read cycle, and based on the known frame
size, the value of o is available, so after any read cycle we can
estimate the number of tags (n) by applying Eq. (13-a) as in Eq.
(14).

e

ne log((1—a)Cp)
- ~ioe(1- )

log(a)

As illustrated in Eq. (14), the birthday paradox-based tag
estimation method by using empty slots is proved by Eq. (3), which
represents the idle slots tag estimation method [27]. Consequently,
extension of the birthday paradox theory is a valid method for
estimating the number of tags. As we have discussed, estimating
the number of tags based on idle slots is not accurate enough when
there is a large increase in the number of tags. When the number
of tags is greatly increased, the value of €, goes to zero, and the
estimation method fails. Hence, we propose a new estimation
method based on E,, the number of collision slots plus the number

PLOS ONE | www.plosone.org
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of successful slots. According to Eq. (13-d), we have Eq. (15):

ne log(1—(1—a)E,)

Tog() 13

In previous studies, the communication channel between the
tags and the reader is assumed to be error-free. Based on this
assumption, the triple values of €, C;, and Cy-are also supposed to
be accurate. However, the real RFID communication environ-
ment is error prone, including what are known as capture effects.
The capture effect is the correct and reliable identification of
RFID tags when there is a probability of collision occurrence. In
the real-world RFID system, the reader cannot provide accurate
values for C; and Cj Since the reader cannot distinguish a
collision with a transmission error, the value of (; and Cj are
underestimated and overestimated, respectively. Therefore, previ-
ous tag estimation methods fail to provide an accurate estimation
in real-world RFID systems [33,34]. Although the numbers ’; and
Cyx are sensitive to an error-prone channel, the sum of (; and Cx
(£,) 1s accurate and not sensitive to errors, because underestimat-
ing one of them (C; or Cj) always results in overestimating the
other and compensates for the error. As illustrated in Eq. (15), we
estimate the number of tags base on F,, thereby guaranteeing
accuracy in error-prone channels (real-world RFID system) and
providing a high-performance identification process by allocating
the optimum frame size and reducing the numbers of idle and
collision slots.

As illustrated in the algorithm below, in the first step of tag
estimation, all the existing tags are distributed into an initial frame
(given slots) independently based on a uniform function [35,36].
After all tags distribute and select a slot randomly, all slots are
scanned one by one, and the numbers (; and Cy are recorded by a
reader. Hence, the tags are distributed using a stochastic function;
there is a possibility of obtaining different values for €; and Cxin
different experiments. Thus, to obtain the optimal values for
collision and successful slots, we repeat the simulation 500 times
and compute (4, and Cpyy, the average number of successful
and collision slots, respectively. Then, by calculating £, and @ and
applying Eq. (15), we obtain the estimated number of tags.

As we mentioned, the main objective of tag estimation methods
is to estimate the number of tags in a more accurate manner to
increase the performance of the identification system. Therefore,
to show the effect of the proposed estimation method on the
efficiency and performance of the tag identification process,
different estimation methods are applied to a Dynamic Framed
Slotted ALOHA (DFSA) anti-collision algorithm in the next
section, and their performance is compared.

In a simple DFSA anti-collision algorithm, the reader starts the
identification process by transmitting a query along with the initial
frame size to all the tags in its interrogation zone. After any read
cycle, based on the number of collision slots and the pre-defined
thresholds, the reader dynamically changes the frame size. If the
number of collision slots is greater than, less than, or between the
thresholds, the reader increases, decreases or remains on the last
frame size, respectively.

Another approach to the DFSA determines the next frame size
based on the number of unread tags, so the reader determines the
next frame size based on the tag estimation results. As
demonstrated at the Figure 3 (flowchart), there are three major
steps in the RFID tag identification process. At the first step, the
reader sends a query along with the frame size to the all tags in its
interrogation zone. Then all the tags select a slot randomly. This
process, called distribution step.
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At the second step, the reader scans the slots one by one, counts
the number of successful and collision slots, and reads the
successful tags.

Finally, at the third step, based on the frame size and the
returned value of £, from the second step, the number of unread
tags 13 estimated and allocated as the new frame size which is
called as estimation function.

After approximation the number of tags, an optimal frame size
1s determined, and the algorithm starts from the first step by the
new frame size. This process continues until there is no collision
slot (all tags are successfully read).

The main objective of RFID systems is providing a fast
identification process. In the application with the huge number of
tags, the probability of collision occurrence will increase sharply.
Hence, to minimize the collision occurrence, and maximize the
performance of the RFID identification process, as previously
mentioned, we need to obtain the optimal frame size based on the
number of tags. Since the exact number of tags is not available, we
need to approximate the number of existing tags. More accurate
approximation, will result in minimum collision occurrence
probability, which cause a fast identification process.

Based on the description above, all approximation methods
follow special mathematical model to estimate the number of tags.
Based on the extended birthday paradox model we estimate the
number of tags accurately, and after precise approximation we can
determine an optimal frame size and increase the performance
and guarantee the fast identification process and achieve to the
objective of the RFID systems.

Mathematical models have a direct role in estimating the
number of tags, and the knowledge of the number of tags is
essential to determine the optimal frame size, which causes the fast
identification process. Therefore, mathematical models after
precise approximation, guarantee the fast identification process.

Figure 3 shows the DFSA anti-collision algorithms applied in
this paper.

Results and Discussion

The birthday paradox-based tag estimation method is fully
described in the previous section. The following presents a
comprehensive comparison between the proposed method and
previous techniques.

i. Accuracy and error rate. Figure 4 illustrates the
estimation of the number of tags when the actual number of tags
increased from 100 to 1000. The frame size is set to 128 for all
methods. As shown in Figure 4, as the number of tags increases,
the accuracy of the lower bound and Schoute estimation methods
decreases and provides a poor estimation for the high number of
tags, insofar as they estimate the number of tags as 255 and 305 for
the actual 1000 tags, respectively. However, the idle slot presents a
good accuracy, when the number of tags rises the number of Cy
goes to Zero and the idle slot tag estimation applies the lower
bound method so the accuracy fall down. Vogt, and Bayesian
estimation methods show accurate results, however the birthday
paradox-based tag estimation method provides a higher level of
accuracy and estimates almost exactly the correct number of tags.

The main objective of all RFID tag estimation techniques is to
provide a more accurate estimation of the number of tags with a
lower error rate. Hence, to achieve a clear comparison among the
estimation methods, the error rate (¢) is defined as in Eq. (16),
where 7 is the estimated number of tags and # is the actual number
of tags [24,31].

PLOS ONE | www.plosone.org
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s=|?|x100% (16)

Figure 5 demonstrates the error rate of different tag estimation
methods when the number of tags is increased from 100 to 1000
and the initial frame size is set to 128. Based on Eq. (16), the lower
bound estimation method shows a sharp increase in the rate of
error, when the number of tags is increased. In the Schoute
estimation method, for a small set of tags, an accurate estimation
results with less than 5% errors recorded. However, the error rate
increases clearly when the number of tags increases in comparison
with the initial frame size, insofar as lower bound and Schoute
show 74.45% and 69.47% tag estimation error rates, respectively.
As already discussed the idle slot tag estimation method applies the
lower bound when the number of () equal to zero or one. Hence
the accuracy of the idle slot falls down sharply when the number of
tags increases, and presents a high level of error rate as illustrated
in Figure 5. The Vogt and Bayesian estimation methods offer a
smooth rate of error compared to the lower bound and Schoute
estimations, with 12.46% and 9.22% average rates of error,
respectively, in estimating the number of tags. As illustrated in
Figure 3, the lowest rate of error belongs to the birthday paradox-
based tag estimation method, which shows a 1.79% error rate on
average, significantly increasing accuracy by decreasing the error
rate.

In the section 2, we evaluated some existing tag estimation
methods, and summarized their characteristics in Table 1. Now
we want to evaluate the proposed method based on the same
characteristics. Hence the estimated number of tags is not a static
function of the captured slots, and it is dynamically changed based
on the number of tags and the captured number of slots, therefore
the proposed method is categorized at the dynamic methods.
Furthermore, as illustrated in Figure 4, and Figure 5, the accuracy
level of the birthday paradox-based tag estimation method,
achieved to the highest level of accuracy with a lower rate of
estimation error among the discussed methods; as a result the
accuracy level of the proposed method is highest.

As demonstrated in Eq. (15) the computational requirement of
the proposed method is the same as the idle slot tag estimation
method. Both are based on the fractions and logarithms, so the
method needs the high computational requirements. Table 2
summarizes the characteristics of the birthday paradox-based tag
estimation method. As aforementioned, the proposed estimation
method is a dynamic method with high computational require-
ments, which results highest accurate outputs.

Regardless of the high accuracy level, the strongest point of the
proposed method is its compatibility to the error-prone channels
which guarantees the highest level of accuracy in the real RFID
communication channels. Estimating the number of tags by using
the variable En covers the capture effects and performs highest
results in real world RFID identification process. The highest
accurate outputs and compatibility to error-prone environments
cause the proposed method to be more advantageous in captured
environments. The proposed method applicable and more
advantageous at the application such as inventory management,
warehouse management, secured document management, bank-
notes, postal packages and such as these applications where there
are the huge number of tags to be identified
Just as in all identification
technologies, the speed of object identification in RFID systems is
a most important issue. Since, slots represent time duration in
ALOHA anti-collision algorithms, identifying all tags successfully

ii. Tag identification process.
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Table 2. A short summary of the birthday paradox-based tag estimation method'’s characteristics.

Tag Estimation Method Status

Accuracy

Computational Requirements

Birthday Paradox-based Dynamic

Very High

High (fractions and logarithms)

doi:10.1371/journal.pone.0095425.t002

by using the minimum number of slots is the main goal. Therefore,
to compare the effect of the higher accuracy of estimation methods
on this important issue, Figure 6 shows the total number of slots
used to identify a thousand tags for the different estimation
methods applied to the same DFSA anti-collision algorithm.

As demonstrated in Figure 5, the birthday paradox-based tag
estimation method presents the most accurate estimation outcome,
so we expect it to identify tags more rapidly. In other words, based
on the theoretical discussion, an accurate estimation method
results in an identification process that uses the minimum number
of slots to identify tags. As Figure 6 illustrates, the DFSA ant-
collision algorithm applying the extension of the birthday paradox
as an estimation method reduces the number of slots in use by
7.37%, 10.99%, 17.45%, and 87.74% in comparison with the
increase, lower bound, Schoute, and Vogt, respectively, when
there are 1,000 tags.

iii. Channel usage efficiency. As we have mentioned, the
frame size in DFSA anti-collision algorithms should be selected
based on the tag quantity. In this regard, there are numerous anti-
collision algorithms that do not follow the standards, assuming that
the durations of an idle slot, a collision slot, and a successful slot
are identical. To obtain the maximum identification efficiency, the
duration of slots can vary. In current RFID standards, such as ISO
18000-6 [34] and EPC global C1 Gen2 [37], an 1idle, a collision,
and a successful slot duration have been set to be different. In these
systems, a responding tag will first transmit its 16-bit random or
pseudo-random number (RN16) to a reader in a slot, with three
possible outcomes: terminating a slot ahead for no RN 16
information received at the reader, transmitting the tag’s 64-bit
electronic product code (EPC) after the RN 16 is correctly
received, and not needing to transmit 64-bit EPC for an RN 16
colliding with others. Therefore, duration of the slots ranges from
the most to the least as follows: successful, collision, and idle.

Here, we examine whether the maximum channel usage
efficiency could be enhanced under the condition that an idle, a
collision, and a successful slot duration are not identical. Suppose
that ¢, t;, and tx are an idle, a successful, and a collision slot
duration, respectively. Then, channel usage efficiency can be
found as in Eq. (17) [31,38].

P.— Cixth
o Coxtg+Cixt1+Cg Xtk

(17)

Figure 7 shows the channel usage efficiency of various tag
estimation methods applied to the same DFSA anti-collision
algorithm when the number of tags has increased from 50 to
1,000. In the figure, the initial frame size is set to 128 and an idle, a
successful, and a collision slot’s duration are set to 50, 400, and
50 ps, respectively. As illustrated in Figure 7, the highest channel
usage efficiency belongs to the DFSA anti-collision algorithm using
the birthday paradox-based tag estimation method and provides a
monotonic range of around 81% channel usage efficiency.
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iv.Average identification time. Providing an accurate
estimation of the number of tags is the main objective of all the
tag estimation methods. More accurate estimation results in an
optimum frame size selection, which results in identifying the tags
using the minimum number of time slots. Therefore, we can
conclude that the main objective of all tag estimation methods is to
provide a fast identification process in a shorter time.

As we have mentioned, we assume the initial frame size as 128,
and suppose 50, 400, and 50 ps are the required times for idle,
successful and collision slots, respectively. Hence, the identification
time can be calculated using Eq. (18).

S Chtg+ City + Cltg
n

=

(18)

Figure 8 shows the average identification time needed to
identify a tag in the DFSA anti-collision algorithm applying
different tag estimation methods. As is clear from the figure, the
lowest average identification time to identify a tag belongs to the
birthday paradox-based tag estimation method. Based on our
aforementioned assumption regarding time slot duration, a
successful slot requires 400 ps to be scanned completely by the
reader to identify a tag. Therefore, based on Figure 8, the average
wasted time to identify a tag in birthday paradox-based tag
estimation is monotonically around 93 ps, which is a 9.7%, 12.9%,
and 24.7% lower average wasted time in comparison with the
Vogt, Schoute, and lower bound estimation methods, respectively.

Conclusion

In this study, we proved that the proposed tag estimation
method has better accuracy in comparison with previous
estimation methods. The birthday paradox-based tag estimation
method reduces the average tag identification time and increases
the efficiency of the system by selecting the optimum frame size
based on an accurately estimated number of tags. The high
accuracy level, with an average error rate of 1.25%, in the
proposed estimation method reduces the average wasted time in
the tag identification process up to 24.7% in comparison with the
lower bound method and increases the channel usage efficiency to
81%, a good performance.

Acknowledgments
The authors acknowledge Mr. Hossein Rahmani for his tips to develop this

paper.

Author Contributions

Analyzed the data: ES MTI MS. Wrote the paper: MS. Programming and
simulation: AZ MS. Mathematical Model: ES MTI MS. Manuscript
revision: MJS. Supervision: MJS.

April 2014 | Volume 9 | Issue 4 | 95425



References

1.

Cattuto C, Van den Broeck W, Barrat A, Colizza V, Pinton J-F, et al. (2010)
Dynamics of Person-to-Person Interactions from Distributed RFID Sensor
Networks. PLoS ONE 5(7) e11596.

. Pahl M, Zhu H, Tautz J, Zhang S (2011) Large Scale Homing in Honeybees.

PLoS ONE 6(5): ¢19669.

. Lucet J-C, Laouenan C, Chelius G, Veziris N, Lepelletier D, et al. (2012)

Electronic Sensors for Assessing Interactions between Healthcare Workers and
Patients under Airborne Precautions. PLoS ONE 7(5): €37893.

. Wong AMK, Chang W-H, Ke P-C, Huang C-K, Tsai T-H, et al. (2012)

Technology Acceptance for an Intelligent Comprehensive Interactive Care
(ICIC) System for Care of the Elderly: A Survey-Questionnaire Study. PLoS
ONE 7(8): e40591.

. Xu Z, Ming X, Zhou J, Song W, He L, et al. (2013) Management optimisation

based on dynamic SKU for RFID-enabled warehouse management in the steel
supply chain. International Journal of Production Research 51: 2981-2996.

. Chen JC, Cheng C-H, Huang PB (2012) Supply chain management with lean

production and RFID application: A case study. Expert Systems with
Applications 40(9): 3389-3397.

. Zhu Z, Tan J, Ren H, Ni W, Guan Q (2012) RFID application in

manufacturing: A case study on a pilot RFID project in household appliance
production. International Journal of Computer Integrated Manufacturing 25: 3—

10.

. Abramson N (1970)The ALOHA System: another alternative for computer

communications. ACM. 281-285.

. Roberts LG (1975) ALOHA packet system with and without slots and capture.

ACM SIGCOMM Computer Communication Review 5: 28-42.

. Bin Z, Kobayashi M, Shimizu M (2005) Framed ALOHA for multiple RFID

objects identification. IEICE Transactions on Communications 88: 991-999.
Schoute F (1983) Dynamic frame length ALOHA. Communications, IEEE

Transactions on 31: 565-568.

. Lee SR, Joo SD, Lee CW (2005) An enhanced dynamic framed slotted ALOHA

algorithm for RFID tag identification. The Second Annual International
Conference on Mobile and Ubiquitous Systems: Networking and Services IEEE.
166-172.

. Deng DJ, Tsao HW (2011) Optimal Dynamic Framed Slotted ALOHA Based

Anti-collision Algorithm for RFID Systems. Wireless Personal Communications
59: 109-122.

Shakiba M, Zavvari A, Sundararajan E (2011) Fitted dynamic framed slotted
ALOHA anti-collision algorithm in RFID systems. International Conference on
Information Technology and Multimedia (ICIM) IEEE. 1-6.

. Lee W (2011) OFSA-Optimum Frame-Slotted Aloha for RFID Tag Collision

Arbitration. KSII Transactions on Internet and Information Systems (TIIS) 5:
1929-1945.

. Namboodiri V, DeSilva M, Deegala K, Ramamoorthy S (2012) An extensive

study of slotted Aloha-based RFID anti-collision protocols. Computer
communications 35(16): 1955-1966.

. Ahson SA, Ilyas M (2008) RFID handbook: applications, technology, security,

and privacy: CRC.

. Myung J, Lee W, Srivastava J, Shih TK (2007) Tag-splitting: adaptive collision

arbitration protocols for RFID tag identification. IEEE Transactions on Parallel
and Distributed Systems 18: 763-775.

PLOS ONE | www.plosone.org

1

20.

21.

22.

26.

27.

28.

30.

31.

32.

34.

37.

38.

Birthday Paradox-Based RFID Tag Estimation Method

. Bonuccelli MA, Lonetti F, Martelli F (2006) Tree slotted ALOHA: a new

protocol for tag identification in RFID networks. International Symposium
on a World of Wireless, Mobile and Multimedia Networks, IEEE Computer
Society. 603-608.

Choi JH, Lee D, Lee H (2006) Bi-slotted tree based anti-collision protocols for
fast tag identification in RFID systems. Communications Letters, IEEE 10: 861
863.

Myung J, Lee W, Srivastava J (2006) Adaptive binary splitting for efficient RFID
tag anti-collision. Communications Letters, IEEE 10: 144-146.

Jiang Y, Zhang R (2012) An Adaptive Combination Query Tree Protocol for
Tag Identification in RFID Systems. Communications Letters, IEEE 16: 1192
1195.

. Daeyoung K, Tachong K (2012) Heuristic Query Tree Protocol: Use of Known

Tags for RFID Tag Anti-Collision. IEICE Transactions on Communications 95:
603-606.

. Cuil Y, Zhao Y (2010) A fast zero estimation scheme for RFID systems.

Computer communications 33: 1318-1324.

. Vogt H (2002) Efficient object identification with passive RFID tags. Pervasive

Computing: 98-113.

Klair DK, Chin KW, Raad R (2010) A survey and tutorial of RFID anti-
collision protocols. Communications Surveys & Tutorials, IEEE 12: 400-421.
Khandelwal G, Lee K, Yener A, Serbetli S (2007) ASAP: a MAC protocol for
dense and time-constrained RFID systems. EURASIP journal on Wireless
Communications and Networking 9: 4028-4033.

Vogt H (2002) Multiple object identification with passive RFID tags. IEEE
International Conference on Systems, Man and Cybernetics, IEEE. 6 vol. 3.

. Rivest R (1987) Network control by Bayesian broadcast. Information Theory,

IEEE Transactions on 33: 323-328.

Floerkemeier C (2007) Bayesian transmission strategy for framed ALOHA based
RFID protocols. IEEE International Conference on RFID IEEE. 228-235.
Wu H, Zeng Y (2010) Bayesian tag estimate and optimal frame length for anti-
collision Aloha RFID system. IEEE Transactions on Automation Science and
Engineering 7: 963-969.

Asimow LA, Maxwell MM (2010) Probability and Statistics with Applications: A
Problem Solving Text; Actex Publications.

. Park J, Lee TJ (2012) Error Resilient Estimation and Adaptive Binary Selection

for Fast and Reliable Identification of RFID Tags in Error-Prone Channel.
IEEE Transactions on Mobile Computing 11: 959-969.

ISO (2013) Information technology — Radio frequency identification for item
management. Part 6: Parameters for air interface communications at 860 MHz
to 960 MHz General. 9.

. Motwani R, Raghavan P (2006) Randomized algorithms; Cambridge university

press.
Shakiba M, Sundararajan E, Zavvari A (2013) Cubic spline-based tag estimation
method in RFID multi-tags identification process. Canadian Journal of Electrical
and Computer Engineering 36(1): 11-17.

EPCglobal (2005) EPC Radio-Frequency Identity Protocols Class-1 Generation-
2 UHF RFID Protocol for Communications at 860 MHz-960 MHz EPCglobal
Inc.

Wu H, Zeng Y, Feng J, Gu Y (2013) Binary Tree Slotted ALOHA for Passive
RFID Tag Anti-Collision. IEEE Transactions on Parallel and Distributed
Systems 24(1): 19-31.

April 2014 | Volume 9 | Issue 4 | 95425



