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Abstract Radio Frequency Identification (RFID) uses

wireless radio frequency technology to automatically

identify tagged objects. Despite the extensive devel-

opment of the RFID technology in many areas, tags

collisions still remain a major problem. This issue is

known as the collision problem and can be solved by us-

ing anti-collision techniques. Current probabilistic anti-

collision approaches suffer from tag starvation due to

the inaccurate Backlog estimation and have a low per-

formance in some cases. In this research, we propose a

Probabilistic Cluster-Based Technique (PCT) to max-

imise the performance efficiency during the tag iden-

tification process. The PCT approach creates new tag

grouping strategies using particular equations, accord-

ing to the optimal efficiency obtained for a specific num-

ber of tags. Through extensive experimentation, we have
demonstrated that the proposed concept performs bet-

ter than the other current state-of-the-art approaches.

Keywords Radio Frequency Identification (RFID) ·
Anti-Collision · Probabilistic

1 Introduction

RFID technology is an automated wireless technology

that uses radio frequency waves to track items. It has

the potential to improve the efficiency of business pro-

cesses by providing automatic identification and data

capture. In modern day, there are various applications

where RFID technology is integrated such as warehouse
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and supply chain monitoring. In those applications where

numerous RFID tags are presented in the interrogation

zone simultaneously, the RFID reader is required to

have an ability to read data from individual tags. If

more than one tag tries to communicate to the reader

at the same time, a collision occurs and the tag will

need to be re-transmitted. A technical approach that

handles tag collision without any interference is called

an anti-collision scheme.

Several methodologies have been proposed to min-

imise collision issues in RFID system. The two types of

tag anti-collision methods widely used are the Deter-

ministic and the Probabilistic approaches. Determinis-

tic methods perform the tag identification by transmit-

ting a query with specific prefixes, and the tags respond

with their ID. This procedure leads to lengthy queries

issued by the reader and causes identification delay.

On the other hand, probabilistic methods decrease the

probability of collision by scheduling the responses of

tags at random time. This process leads to tag starva-

tion problems as not all tags can be identified after the

long waiting period of time.

In this study, we propose a new method called a

Probabilistic Cluster-Based Technique (PCT), to min-

imise the total number of slots and frames queried dur-

ing the tag identification process and to maximise the

system efficiency. In order to show the significance of

our proposed methods, we conducted an experimental

evaluation and compared our methods to the existing

techniques. The results from our experimentation stud-

ies indicate that the proposed PCT256 method main-

tained its system efficiency above other existing meth-

ods and has the highest achieving performance.

The remainder of this paper is organised as follows:

in section 2, we provide general background informa-

tion related to tag collisions and different anti-collision
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schemes. Section 3 contains discussion of the different

probabilistic anti-collision methods along with Backlog

estimation techniques and their limitations. We present

our new methodology, the Probabilistic Cluster-Based

Technique in section 4. In section 5, we present our ex-

perimental evaluation, results and analysis; and finally,

we conclude the paper in section 6.

2 RFID Background

RFID technology is an automatic identification tech-

nology that identifies electronic tags attached to items

without the need for a direct line of sight between the

reader and the tag. There are several methods of iden-

tification but the most common is to store data con-

taining the tag’s identifier known as EPC (Electronic

Product Code).

RFID system may only consist of a tag and a reader

but a complete RFID structure involves many other

components and software such as computer, network,

Internet, middleware, and user applications. RFID reader

retrieves information from tags and sends that informa-

tion back to host computer via middleware. RFID data

streams that are captured by readers can be accumu-

lated very fast, resulting in data collisions. While there

are approaches previously proposed in literature, based

on identifying and rectifying the missing observational

data after it has been stored within the database [4],

it is crucial that the RFID system must employ anti-

collision protocols in readers in order to enhance the

integrity of captured data.

2.1 Tag and Reader Collisions

Simultaneous transmissions in RFID systems lead to

collisions as the readers and tags typically operate on

the same channel. Three types of collisions are possible:

Reader-Tag collision, Tag-Tag collision, and Reader-

Reader collision [10].

• Reader-to-Tag: Interference occurs when one tag is

simultaneously located in the interrogation zone of

two or more readers, where more than one reader

attempts to communicate with that tag at the same

moment.

• Tag-to-Tag: Tag collision in RFID systems happens

when multiple tags are energised by the RFID reader

simultaneously, and reflect their respective signals

back to the reader at the same time. This problem

is often seen whenever a large volume of tags must

be read together in the same reader zone because

the reader is unable to differentiate these signals.

• Reader-to-Reader: Interference occurs when a reader

transmits a signal that interferes with the operation

of another reader and prevents the second reader

from communicating with tags in its reader zone.

Reader-to-Reader collision can be avoided by de-

termining the appropriate reader’s deployment that

prevents direct signal interference between two or

more readers.

2.2 Tag Anti-Collision Approaches

Tag collision problem is more complex than those within

reader collision categories. The various types of tag

anti-collision approaches for tag collision can be re-

duced to two basic types: deterministic approaches and

probabilistic approaches.

2.2.1 Deterministic Approaches

The deterministic approach starts by asking for the first

binary bit of the tag until it matches the tags; then

it continues to ask for additional characters until all

tags within the region are found. This approach is slow

and introduces an identification delay but leads to fewer

collisions, and has 100 percent successful identification

rate [16], [21], [17], [19].

2.2.2 Probabilistic Approaches

In a probabilistic approach, tags respond at randomly

generated times. If a collision occurs, colliding tags will

have to identify themselves again after waiting a ran-

dom period of time. This technique is faster than deter-

ministic based approach but suffers from tag starvation

problem where not all tags can be identified due to the

random nature of chosen time.

When we mentioned the probabilistic anti-collision

approach in RFID, we usually refer to the ALOHA-

based approach, which is the most widely used type of

anti-collision. Slotted ALOHA [20], which initiates dis-

crete time-slots for tags to be identified by reader at

the specific time, was first employed as an anti-collision

method in an early days of RFID technology. The prin-

ciple of Slotted ALOHA techniques is based on the Pure

ALOHA introduced in early 1970s [1], where each tag

is identified randomly. To improve the performance and

throughput rate, different anti-collision schemes were

suggested in the past literature. The three most ac-

cepted techniques, Basic Framed-Slotted ALOHA, Dy-

namic Framed-Slotted ALOHA, and Enhanced Dynamic

Framed-Slotted ALOHA, are described in the next sec-

tion.



Minimising Collisions in RFID Data Streams using Probabilistic Cluster-Based Technique 3

Fig. 1 a) Empty Slot; b) Successful Slot; and c) Collision Slot in EPC Class 1 Gen2 Protocol

3 ALOHA-Based Anti-collision Approaches

This section explains the fundamental of Basic Framed-

Slotted ALOHA, Dynamic Framed-Slotted ALOHA, En-

hanced Dynamic Framed-Slotted ALOHA, and Backlog

estimation techniques.

3.1 Basic Framed-Slotted ALOHA Algorithm

The Basic Framed-Slotted ALOHA (BFSA) is the most

basic of all the algorithms that use a fixed frame-size

throughout the identification round. The reader offers

information to the tags including the frame-size speci-

fication and the random number selected by each slot

within the frame. Each tag selects a slot using the ran-

dom number and then sends its ID back to the reader

[23], [14], [12]. Since the frame-size of the BFSA is fixed,

its implementation is simplistic. However, the system’s

efficiency drops significantly in the event of there being

too large or too small tag counts. For instance, no tag

may be identified in a read cycle if there are too many

tags within the interrogation zone. On the other hand,

under small tag counts where large frame-size is used,

lots of empty slots are produced, resulting in decreased

system efficiency.

In ALOHA-based anti-collision, there are three kinds

of slot as shown in Figure 1: 1) Empty slot where there

is no tag reply; 2) Successful slot where there is only

one tag reply (Tag 4); and 3) Collision slot where there

is more than one tag reply (Tag 2 and Tag 3).

3.2 Dynamic Framed-Slotted ALOHA Algorithm

The Dynamic Framed-Slotted ALOHA (DFSA) over-

comes the problems associated with BFSA by dynam-

ically changing the frame-size according to estimated

number of Backlog, which is a number of tags that have

not been read. In DFSA, each tag in an interrogation

zone selects one of the given N slots to transmit its

identifier, and all tags will be recognised after a few

frames. Each frame is formed of specific number of slots

that is used for the communication between the read-

ers and the tags. To determine the frame-size, it gathers

and uses information such as number of successful slots,

empty slots, and collision slots from the previous round

to predict the appropriate frame-size for the next iden-

tification round [6], [14], [5], [25].

DFSA can identify the tag efficiently because the

reader adjusts the frame-size according to the estimated

number of tags. However, the frame-size change alone

cannot reduce sufficiently the tag collision when there

are large numbers of tags because it cannot increase

the frame-size indefinitely. DFSA has various versions

depending on different tag estimation methods used.

There have been several researches to improve the accu-

racy of frame-size by implementing a Frame Estimation

Tool [13], [11], [3].

3.3 Enhanced Dynamic Framed-Slotted ALOHA

Algorithm

The DFSA algorithms change the frame-size to increase

the performance efficiency of the tag identification. How-

ever, as the number of tags becomes larger than the

frame-size, the probability of collision increases rapidly.

If number of unread tags can be estimated accurately,

frame-size can be determined to maximise the system

efficiency or minimise the tag collision probability. For

instance, when the number of tags is large, the proba-

bility of tag collision can be reduced by increasing the

frame-size. However, the frame-size cannot be increased

indefinitely. When the number of unread tags is too

large to achieve high system efficiency, the number of

responding tags somehow must be restricted so that the
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optimal number of tags responds to the given frame-size

[14], [13].

The Enhanced Dynamic Framed-Slotted ALOHA

(EDFSA) first estimates the number of unread tags.

If the number of tags within the interrogation zone is

larger than the maximum frame-size, the EDFSA al-

gorithm splits the number of Backlog into number of

groups and allows only one group of tags to respond.

When the reader limits the number of responding tags,

it transmits the number of tag sets and a random num-

ber to the tags when it issues the query. Only the tag

that picks zero as its slot counter responds to the re-

quest. If the number of estimated Backlog is below the

threshold, the reader adjusts the frame-size without

grouping the unread tags. After each read cycle, the

reader estimates the number of unread tags and adjusts

its frame-size. This procedure repeats until all the tags

are read [14], [13]. The problem with EDFSA method is,

it assumes that 256 is the optimal frame-size and splits

tags into group set by using the power of two (2,4,8...).

This results in a decrease in system efficiency when the

number of tags is a fraction above the threshold and

the number of group sets will be doubled.

3.4 Backlog Estimation Techniques

In order to predict accurate number of unread tags

and determine the new frame-size, ALOHA-based anti-

collision algorithms gather and use information such

as number of successful slots, empty slots, and colli-

sion slots from the previous round to predict the ap-

propriate frame-size for the next identification round.

In past literature, there have been several methodolo-

gies related to Backlog estimation. These approaches in-

clude Schoute method [22], Vogt method [24], Bayesian

method [9], Chen1 and Chen2 methods [2], and PTES

method [18]. Unfortunately, some of these methodolo-

gies either have low performance efficiencies or are too

complicated to be implemented for some RFID appli-

cations. These methods are explained as follows:

3.4.1 Schoute Backlog Estimation Technique

Schoute [22] developed a Backlog estimation technique

for Dynamic Framed-Slotted ALOHA using Poisson dis-

tribution. The Backlog, after the current frame Bt, is

given by equation:

Bt = 2.39× c

Where c represents the number of collided slot in the

current frame.

Schoute method is the simplest, easy to implement

with low overhead computation, and provides accurate

tag estimation [27].

3.4.2 Vogt Estimation Techniques

In [24], a procedure to estimate Backlog is presented by

minimising the difference between the observed value,

including number of empty slot h, successful slot s, and

collision slot c, and the expected value E(H), E(S),

E(C). In order to find the comparative precise Back-

log, the reader needs to resolve the equation below:

min

h

s

c

−
EN (H)

EN (S)

EN (C)


Vogt method presents the most accurate tag estima-

tion, however, the complexity of the algorithm resulted

in high overhead and therefore cannot be applied to

Gen2 protocol [12].

3.4.3 Bayesian Estimation Techniques

Bayesian method [9] first computes the frame size L

based on the current probability distribution of the

random variable N that represents the number of tags

transmitting. Then it starts frame with L slots and

waits for tag replies and update probability distribu-

tion of N, based on evidence from the reader at the

end of the frame. The evidence comprises the num-

ber of empty slots, successful slots, and collision slots

in the last frame. The method then adjusts probabil-

ity distribution N by considering newly arriving tags

and departing tags including the ones which success-

fully replied and do not transmit in subsequent slots.

Bayesian method requires the most complex compu-

tation and implementation of algorithm [15]. This re-

sulted in high overhead and delays the identification

process. It is therefore not widely applied in RFID sys-

tems.

3.4.4 Chen1 and Chen2 Estimation Techniques

Most of the static algorithms estimate the Backlog with

the number of collided slot. However, Chen1 method

[2] estimates the Backlog, based on the empty slot in-

formation, through the probability of finding h empty

slots after completing a frame L. Chen2 method [2] is

a simpler way to estimate the number of tags, which is

illustrated as follows:

n = (L− 1)× s

h



Minimising Collisions in RFID Data Streams using Probabilistic Cluster-Based Technique 5

If h=0, n is set to a certain upper bound for the tags

estimate.

Chen1 and Chen2 methods have worse performances

than simple Schoute method, according to [26]. Chen1

method also requires complex computation, which leads

to high overhead and delay the tag identification pro-

cess.

3.4.5 Precise Tag Estimation Scheme

Precise Tag Estimation Scheme (PTES) [18] approach

assumes that for the current identification round, each

collision slot has at least 2 tags colliding. However, it

is unknown how many tags actually caused the colli-

sion. There is exactly 1 tag per successful slot, thus

successful slots are not taken into consideration. On the

other hand, empty slots will continuously occur during

the next rounds of identification despite the frame-size.

Therefore, Backlog after the current frame is defined by

equation:

Backlog = d(V1 × c+ V2 × e)e

Where c is Collision Slot ; e is Empty slot ; V1 and V2

are variables for collision slot and empty prediction re-

spectively.

In this study, we have chosen PTES approach to be

used as Backlog estimation tool in our newly proposed

Probabilistic Cluster-Based Technique. PTES method

is easy to implement with low overhead computation

and provides accurate tag estimation. This approach

has the best performance in terms of system efficiency,

and the number of frames and slots queried by the algo-

rithm. The optimal efficiency of PTES can be obtained

when the suitable parameters have been chosen for the

specified initial frame-size.

4 Probabilistic Cluster-Based Technique

To address shortcomings of the current probabilistic

anti-collision methods, we propose a Probabilistic Cluster-

Based Technique (PCT) to minimise identification time

and optimise performance efficiency. The Precise Tag

Estimation Scheme (PTES) [18] is also employed as ac-

curate frame-size prediction for PCT.

This section explains the fundamental of probabilis-

tic anti-collision, the PTES frame-size estimation method,

and the proposed PCT rules.

4.1 The Fundamentals for Probabilistic Tag

Estimation

In probabilistic anti-collision schemes, to estimate the

number of present tags, Binomial distribution has been

utilised [26], [15], [7], [8]. For a given initial Q in a

frame with F slots and n tags, the expected value of

the number of slots with occupancy number x is as

follows:

ax = n× Cx
n(

1

F
)x(1− 1

F
)n−x

Therefore, the expected number of Empty slot e,

Successful slot s, and Collision slot c are given by the

following equations:


e = a0 = F (1− 1

F )n

s = a1 = n(1− 1
F )n−1

c = ak = F − a0 − a1

Thus, the system efficiency (E) is defined as the

ratio between the number of Successful slot and the

frame-size given by the following equations:

E =
s

F
=

n(1− 1
F )n−1

F
= n

1

F
(1− 1

F
)n−1

It has been proven that the highest efficiency can

be obtained if the frame-size F is equal to the number

of tags n, provided that all slots have the same fixed

length [26]:

F (optimal) = n

4.2 PTES Backlog Estimation

We have chosen PTES backlog estimation to incorpo-

rate with our proposed PCT method. The suggested

threshold for frame-size for PTES is set according to es-

timated number of tags utilising Binomial distribution.

For example, if estimated number of tags is around 60

tags, the suggested frame-size would have a Q value of

6. The frame-size, where Q = 6, will allow a minimum

number of 33 tags and a maximum number of 64 tags

to be identified.

Table 1 shows Minimum and Maximum number of

tags allowed per suggested frame-size, and Minimum

and Maximum boundary of random numbers gener-

ated per frame-size. Maximum number of tags allowed

in each frame-size is calculated by 2Q and minimum

number of tags allowed is calculated by 2Q−1 + 1. The
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Table 1 Suggested frame-size boundary (B) and minimum and maximum number of tags (NT) for specific estimated number
of tags.

Q = 1 Q = 2 Q = 3 Q = 4 Q = 5
NT B NT B NT B NT B NT B

Min 1 0 3 0 5 0 9 0 17 0
Max 2 1 4 3 8 7 16 15 32 31

Q = 6 Q = 7 Q = 8 Q = 9 Q = 10
NT B NT B NT B NT B NT B

Min 33 0 65 0 129 0 257 0 513 0
Max 64 63 128 127 256 255 512 511 1024 1023

Q = 11 Q = 12 Q = 13 Q = 14 Q = 15
NT B NT B NT B NT B NT B

Min 1025 0 2049 0 4097 0 8193 0 16385 0
Max 2048 2047 4096 4095 8192 8191 16384 16383 32768 32767

maximum frame-size boundary is calculated by 2Q - 1,

while the minimum frame-size boundary is always 0.

The table only demonstrates up to Q = 15.

Algorithm 1 demonstrates the PTES algorithm ap-

plied for the number of backlog estimation, and either

keep the current frame-size or readjust the frame-size

for the next identification cycle.

Input: c = Collision Slots, e = Empty Slots, Backlog
Output: Q = Frame− Size Adjustment
for (Frame-Size prediction procedure) do

Backlog = (V1 * c + V2 * e);
while Looking up Suggested Threshold for
Frame-Size Table do

if Found Matched Q for specific Backlog then
Re-adjust Q Value;

end

end
Output Q Adjust Value;

end

Algorithm 1: PTES Algorithm

4.3 PCT Anti-Collision Approach

The PCT method employed a dynamic probabilistic al-

gorithm concept and uses group splitting rule to split

Backlog into group if the number of unread tags is

higher than the maximum frame-size.

PCT approach first estimates the number of Back-

log. If the number of Backlog within the interrogation

zone is larger than the specific frame-size, it splits the

number of Backlog into a number of groups and allows

only one group of tags to respond. The reader then is-

sues “Query”, which contains a ‘Q’ parameter to specify

the frame-size. Each selected tag in the group will pick

a random number between 0 to 2Q - 1 and put it into

its slot counter. Only the tag that picks zero as its slot

counter responds to the request. When the number of

estimated Backlog is below the threshold, the reader ad-

justs the frame-size without grouping the unread tags.

After each identification cycle, the reader estimates the

number of Backlog using PTES algorithm and adjust

its frame-size.

4.3.1 Probabilistic Anti-Collision Algorithm using

PTES

PCT approach first estimates the number of unread

tags, then it decided if the number of tags needs to

be spliced or not. The probabilistic anti-collision algo-

rithm, using PTES as accurate frame-size prediction,

is then applied to each selected group of tag.

Algorithm 2 demonstrates our probabilistic based

anti-collision algorithm applied to each selected group

of tags, where only one group of tags respond to the

reader. There are three kinds of slot:

1. Successful slot: Where there is only one tag reply,

the reader sends ACK(RN16) to a tag. The tag then

backscatter its EPC to the reader and the reader

issues QueryRep for the next slot.

2. Empty slot: Where there is no tag reply, the reader

then issues QueryRep for the next slot.

3. Collision slot: Where there is more than one tag

reply, the reader then issues QueryRep for the next

slot.

After “QueryRep” command is received, each tag

decreases its slot counter by 1. At the end of each frame,

the reader checks if all tags have been identified, esti-

mates the number of Backlog using PTES algorithm,

and adjusts its frame-size.

4.3.2 PCT Preliminary

Instead of splitting tags into group randomly, the PCT

approach derived new rules using particular equations
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Reader sends Query
for (Identification procedure) do

Every tags generate RN16 and slot counter;
for (Current frame) do

if (Slot counter == 0) then
Tag replies its RN16;
if (A single tag replies) then

Reader sends ACK(RN16) to a tag;
if (RN16 received by tag == RN16
tag saved data) then

Tag sends (EPC+PC+CRC) to
reader;

end
Reader sends QueryRep;

end
else if (Multiple tags reply) then

Reader sends QueryRep;
end
else if (No tag replies) then

Reader sends QueryRep;
end

end
if (Tag receives QueryRep) then

slot counter = slot counter - 1;
end

end
Reader uses PTES algorithm to adjust the size of
the new frame;
Reader sends QueryAdjust;

end

Algorithm 2: Probabilistic anti-collision algorithm

with PTES Frame-Size Prediction

according to the optimal system efficiency obtained for

specific number of tags. We first conducted an experi-

ment to acquire optimal frame-size for specific number

of tags as shown in Figure 2. It can be seen that the

optimal system efficiency achieved by the probabilistic

method is approximately 38% and the optimal number

of tags are close to the maximum frame-size. Efficiency

is calculated as shown in Equation 1:

Efficiency = (
S

S + C + E
) (1)

Where S is the number of Successful slots, C is the

number of Collision slots, and E is the number of Empty

slots.

From the results acquired for performance efficiency

evaluation, we have developed five cluster-based equa-

tions to find a minimum and maximum number of tags

suitable for particular frame-size. These minimum and

maximum number of tags are derived to acquire the

optimal performance efficiencies as in Figure 2. Each

equation is then used to exploit rules for PCT.

To show the derivation of all five cluster-based equa-

tions in detailed, Table 2 demonstrated given informa-

tion found from Figure 2, and all missing fields. From

table 2, it is visible that at optimal system efficiency of

Fig. 2 Performance efficiency of different frame-size on dif-
ferent number of tags

38%, the number of tags is equal to the available frame-

size calculated by 2Q. We have set the minimum and

maximum boundary efficiencies at 33%. The informa-

tion on maximum number of tags at 33% is also avail-

able from Figure 2. For example, when Q is equal to

8, the optimal percentage efficiency can be obtained at

256 tags and the number of tags at maximum boundary

is equal to 352 tags.

Table 2 Available Information and Missing fields on Sys-
tem Efficiency. MinB = Minimum point of occurrence, MaxB
= Maximum point of occurrence, Opt. = Optimal point of
occurrence

Q MinB at 33% MaxB at 33% Opt. at 38%
9 Unknown 704 512
8 Unknown 352 256
7 Unknown 176 128
6 Unknown 88 64
5 Unknown 44 32
4 Unknown Unknown 16
3 Unknown Unknown 8
2 Unknown Unknown 4
1 Unknown Unknown 2

Table 3 demonstrated the derived answers for miss-

ing fields from Table 2. The minimum boundary with
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33% efficiency is calculated by the maximum boundary

of the previous frame plus 1. Thus, for Q8, the minimum

boundary is equal to 177 (176 + 1). After finding all

information needed, the reverse engineered equations

for maximum and minimum boundaries are derived for

each Q. After we found all outcomes for each Q, it is

now possible to find the reverse engineered equation for

two or more type of Qs. For example, if Q8 and Q7 is

applicable, then the reversed engineered equation for

maximum boundary is equal to [2Q + 2(Q−1) - 2(Q−2)

+ 2(Q−3)] + [2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4)].

Table 3 Derived Equations for Missing fields on System Effi-
ciency. MinB = Minimum point of occurrence, MaxB = Max-
imum point of occurrence

MinB Reverse Engineered
Q 33% Equation for MinB

9 353 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
8 177 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
7 89 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
6 45 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
5 23 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
4 12 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
3 6 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
2 4 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1
1 2 (2(Q−1) + 2(Q−2) - 2(Q−3) + 2(Q−4))+1

MaxB Reverse Engineered
Q 33% Equation for MaxB

9 704 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

8 352 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

7 176 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

6 88 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

5 44 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

4 22 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

3 11 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

2 5 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

1 3 2Q + 2(Q−1) - 2(Q−2) + 2(Q−3)

β = 2Q + 2(Q−1) − 2(Q−2) + 2(Q−3)

κ = 2(Q−1) + 2(Q−2) − 2(Q−3) + 2(Q−4)

µ = 2(Q−2) + 2(Q−3) − 2(Q−4) + 2(Q−5) (2)

In order to simplify the derived equations, we em-

ploy the use of β (Beta), κ (Kappa), and µ (Mu), and

assigned these three icons to express each rule. In this

research, we proposed three rules for PCT: PCT256,

PCT128, and PCT-E (PCT-Extended). All rules split

the number of Backlog into groups then used one of

initial Q8 (frame-size 256), Q7 (frame-size 128), or Q6

(frame-size 64), to identify a current set of tags. Equa-

tion 2 shows the conversion of all three key sets, for the

five cluster-based equations, into β, κ, and µ.

max = β

min = κ+ 1 (3)

max = β + µ

min = β + 1 (4)

max = β + κ

min = β + 1 (5)

max = β + κ

min = [β + µ] + 1 (6)

max = β + κ+ µ

min = [β + κ] + 1 (7)

For equations 3, 4, 5, 6 and 7, we applied three key

sets within these equations. These key sets employed

β, κ, and µ and applied them into each PCT rule, as

shown in Table 4.

Table 4 displays equations 3 to 7, with the minimum

and maximum bounds for each rule. For instance, Equa-

tion 3 is applied to all three rules: PCT256, PCT128,

and PCT-E. Equation 4, however, only apply to PCT-

E.

Table 4 The conversion of PCT rules to β Beta, κ Kappa,
and µ Mu

PCT256 PCT128 PCT-E
Max β
Min κ + 1 (3)

β + µ
β + 1 (4)

Max β + κ β + κ
Min β + 1 (5) [β + µ] + 1 (6)

β + κ + µ
[β + κ] + 1 (7)

4.3.3 PCT Rules

PCT approach derived new rules using particular equa-

tions expressed by β Beta, κ Kappa, and µ Mu. All rules

split the number of Backlog into groups then used one of

Q8 (frame-size 256), Q7 (frame-size 128), or Q6 (frame-

size 64), to identify a current set of tags. We make the

assumption that the performance efficiency can be im-

proved by dividing tags into accurate number of groups,
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then perform the tag identification separately for each

group. In this research, we have chosen the frame-size

of 256, 128 and 64 for our PCT rules because the initial

Q of 8, 7 and 6 provides the most appropriate range

for current RFID reader and passive tags specification.

Generally, the Ultra-High Frequency (UHF) reader is

capable of capturing various number of passive RFID

tags that depends on the reader type and tag class (e.g.

Class 0: Read-only tag). Thus, selected initial Qs are the

most suitable for our proposed rules. Each PCT rule,

with the minimum and maximum bounds, is explained

as follows:

PCT256 PCT256 uses either frame-size of 256 (Q =

8) or frame-size of 128 (Q = 7) for tag identification. We

assume that the identification time and performance ef-

ficiency of our proposed PCT256 will advance from the

existing probabilistic approaches. From the preliminary

of all PCT rules, we obtained specific equations to cal-

culate minimum and maximum bounds for the PCT256

rule. These equations are applied as shown in Table 5.

Table 5 PCT256 Boundary Computation - number of group
(Frame-Size 256 and 128), and minimum and maximum
bounds

PCT256 Boundary Computation
F256 F128 MinBound MaxBound

.... .... .... ....
4 - [3β + κ] + 1 4β
3 1 3β + 1 3β + κ
3 - [2β + κ] + 1 3β
2 1 2β + 1 2β + κ
2 - [β + κ] + 1 2β
1 1 β + 1 β + κ
1 - κ + 1 β

.... .... .... ....

Table 5 displays relevant equations for minimum

and maximum bounds calculation for the PCT256 rule.

From the table, we can see that there are two frame-

size, 256 and 128, for grouping division. For example,

the minimum bound is calculated by 3β + 1 when the

number of group division comprised 3 groups of 256 and

1 group of 128, and the maximum bound is calculated

by 3β + κ. Following the computation, the minimum

and maximum bounds are 1057 and 1232 respectively,

as shown in Table 6.

After applying specific equations for each group di-

vision, Table 6 shows the final PCT rule for PCT256.

For instance, if the number of Backlog equals to 900

tags, the PCT256 algorithm will split the unread tags

into 3 groups of Q8 (256).

Algorithm 3 demonstrates the group splitting algo-

rithm using PCT256 rule, which either keep tag in a

Table 6 PCT256 Rule - The number of unread tags (Back-
log), optimal frame-size (FA and FB), and number of group
(GA and GB)

PCT256 Rule
Backlog FA GA FB GB

.... .... .... .... ....
1233 to 1408 256 4 - -
1057 to 1232 256 3 128 1
881 to 1056 256 3 - -
705 to 880 256 2 128 1
529 to 704 256 2 - -
353 to 528 256 1 128 1
177 to 352 256 1 - -
89 to 176 128 1 - -
45 to 88 64 1 - -
23 to 44 32 1 - -
12 to 22 16 1 - -
6 to 11 8 1 - -

.... .... .... .... ....

single group or split tag into number of groups accord-

ing to PCT256 rule.

Input: Tagcount
Output: Number of Group
for (Group Splitting procedure) do

if Tagcount less than 353 tags then
Keep tag into a single group;

end
else

while Looking up PCT256 Rule Table do
if Found Matched rule for specific Backlog
then

Split tags into groups;
end

end

end
Output number of groups;

end

Algorithm 3: Group Splitting Algorithm using

PCT256 Rule

PCT128 PCT128 uses either frame-size of 128 (Q

= 7) or frame-size of 64 (Q = 6) for tag identifica-

tion. The PCT128 contains higher number of groups in

some cases, compared with the PCT256 method, which

may result in worse performance efficiency for specific

number of tags. We calculate minimum and maximum

bounds for the PCT128 rule according to specific equa-

tions. These equations are applied as shown in Table

7.

Table 7 displays the relevant equations for minimum

and maximum bounds calculation for the PCT128 rule.

From the table, it can be seen that there are two frame-

size, 128 and 64, for grouping division. For example,

the minimum bound is calculated by 5β + 1 when the

number of group division comprises 5 groups of 128 and
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Table 7 PCT128 Boundary Computation - number of group
(Frame-Size 128 and 64), and minimum and maximum
bounds

PCT128 Boundary Computation
F128 F64 MinBound MaxBound

.... .... .... ....
8 - [7β + κ] + 1 8β
7 1 7β + 1 7β + κ
7 - [6β + κ] + 1 7β
6 1 6β + 1 6β + κ
6 - [5β + κ] + 1 6β
5 1 5β + 1 5β + κ
5 - [4β + κ] + 1 5β
4 1 4β + 1 4β + κ
4 - [3β + κ] + 1 4β
3 1 3β + 1 3β + κ
3 - [2β + κ] + 1 3β
2 1 2β + 1 2β + κ
2 - [β + κ] + 1 2β
1 1 β + 1 β + κ
1 - κ + 1 β

.... .... .... ....

1 group of 64, and the maximum bound is calculated

by 5β + κ. Following the computation, the minimum

and maximum bounds are 881 and 968 respectively, as

shown in Table 8.

Table 8 PCT128 Rule - The number of unread tags (Back-
log), optimal frame-size (FA and FB), and number of group
(GA and GB)

PCT128 Rule
Backlog FA GA FB GB

.... .... .... .... ....
1321 to 1408 128 8 - -
1233 to 1320 128 7 64 1
1145 to 1232 128 7 - -
1057 to 1144 128 6 64 1
969 to 1056 128 6 - -
881 to 968 128 5 64 1
793 to 880 128 5 - -
705 to 792 128 4 64 1
617 to 704 128 4 - -
529 to 616 128 3 64 1
441 to 528 128 3 - -
353 to 440 128 2 64 1
265 to 352 128 2 - -
177 to 264 128 1 64 1
89 to 176 128 1 - -
45 to 88 64 1 - -
23 to 44 32 1 - -
12 to 22 16 1 - -
6 to 11 8 1 - -

.... .... .... .... ....

Table 8 shows the PCT rule for PCT128. For in-

stance, if the number of Backlog equals to 900 tags,

the PCT128 algorithm will split the unread tags into 5

groups of Q7 (128) and 1 group of Q6 (64).

Algorithm 4 demonstrates the group splitting algo-

rithm using PCT128 rule, and either keep tag in a single

group or split tag into number of groups according to

PCT128 rule.

Input: Tagcount
Output: Number of Group
for (Group Splitting procedure) do

if Tagcount less than 177 tags then
Keep tag into a single group;

end
else

while Looking up PCT128 Rule Table do
if Found Matched rule for specific Backlog
then

Split tags into groups;
end

end

end
Output number of groups;

end

Algorithm 4: Group Splitting Algorithm using

PCT128 Rule

PCT-Extended The rules of PCT-Extended (PCT-

E) are more complex than the PCT256 and PCT128.

This is because the PCT-E identify tags using three

different frame-size of 256 (Q = 8), 128 (Q = 7), and

64 (Q = 6) instead of two. We assume that the per-

formance efficiency of PCT-E can improve further from

the PCT256. However, the identification time may in-

crease due to the higher number of group applied in

each identification round. From the preliminary for all

PCT rules, we obtained specific equations to calculate

minimum and maximum bounds for the PCT-E rule.

These equations are applied as shown in Table 9.

Table 9 PCT-E Boundary Computation - number of group
(Frame-Size 256, 128 and 64), and minimum and maximum
bounds

PCT-E Boundary Computation
F256 F128 F64 MinBound MaxBound

.... .... .... .... ....
4 - - [3β + κ + µ] + 1 4β
3 1 1 [3β + κ] + 1 3β + κ + µ
3 1 - [3β + µ] + 1 3β + κ
3 - 1 3β +1 3β + µ
3 - - [2β + κ + µ] + 1 3β
2 1 1 [2β + κ] + 1 2β + κ + µ
2 1 - [2β + µ] + 1 2β + κ
2 - 1 2β +1 2β + µ
2 - - [β + κ + µ] + 1 2β
1 1 1 [β + κ] + 1 β + κ + µ
1 1 - [β + µ] + 1 β + κ
1 - 1 β + 1 β + µ
1 - - κ + 1 β

.... .... .... .... ....
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Table 9 presents the relevant equations for mini-

mum and maximum bounds calculation for the PCT-E

rule. From the table, it is shown that there are three

frame-size, 256, 128 and 64, for grouping division. For

instance, the minimum bound is calculated by [2β +

κ] + 1 when the number of group division comprised 2

groups of 256, 1 group of 128, and 1 group of 64; and

the maximum bound is calculated by 2β + κ + µ. Fol-

lowing the computation, the maximum and minimum

bounds are 881 and 968 respectively, as shown in Table

10.

Table 10 displays the PCT-E rule. For instance, if

the number of Backlog equals to 900 tags, the PCT-E

algorithm will split the unread tags into 2 groups of Q8

(256), 1 group of Q7 (128), and 1 group of Q6 (64).

Table 10 PCT-E Rule - The Number of Unread Tags (Back-
log), Optimal Frame-Size (FA, FB, FC), and Number of
Group (GA, GB, GC)

PCT-E Rule
Backlogs FA GA FB GB FC GC

.... .... .... .... .... .... ....
1320 to 1408 256 4 - - - -
1233 to 1320 256 3 128 1 64 1
1145 to 1232 256 3 128 1 - -
1057 to 1144 256 3 - - 64 1
969 to 1056 256 3 - - - -
881 to 968 256 2 128 1 64 1
793 to 880 256 2 128 1 - -
705 to 792 256 2 - - 64 1
617 to 704 256 2 - - - -
529 to 616 256 1 128 1 64 1
441 to 528 256 1 128 1 - -
353 to 440 256 1 - - 64 1
177 to 352 256 1 - - - -
89 to 176 128 1 - - - -
45 to 88 64 1 - - - -
23 to 44 32 1 - - - -
12 to 22 16 1 - - - -
6 to 11 8 1 - - - -

.... .... .... .... .... .... ....

Algorithm 5 demonstrates the group splitting algo-

rithm using PCT-E rule, and either keep tag in a single

group or split tag into a number of groups according to

PCT-E rule.

5 Experimental Evaluation

In order to show the significance of our proposed meth-

ods, we conducted an experimental evaluation and com-

pared our methods to the existing techniques. In this

section, we describe the data sets used in the experi-

ment, present the results of the experiment, and provide

the analysis.

Input: Tagcount
Output: Number of Group
for (Group Splitting procedure) do

if Tagcount less than 353 tags then
Keep tag into a single group;

end
else

while Looking up PCT-E Rule Table do
if Found Matched rule for specific Backlog
then

Split tags into groups;
end

end

end
Output number of groups;

end

Algorithm 5: Group Splitting Algorithm using

PCT-E Rule

5.1 Data Sets

The aim of the experiment is to compare the perfor-

mance of our proposed PCT to the existing probabilis-

tic DFSA and EDFSA anti-collision approaches. The

best approach is the one with the highest system effi-

ciency and the lowest number of slots required for tag

identification. In this experiment, we considered differ-

ent number of tags, from 100 to 1400, within the in-

terrogation zone. The number of simulated tags are as-

sumed to be no more than 1400 tags, due to maximum

range of UHF reader and passive tags. Before the tag

anti-collision algorithm is utilised, the number of tags

are unknown.

5.2 Results

Our experimentation evaluates the performance of our

proposed PCT method to existing DFSA and EDFSA

approaches. In Table 11 and Figure 3, it can be seen

that both PCT256 and PCT-E produced minimal num-

ber of slots during identification process compared to

other methods. Specifically, PCT256 and PCT-E tech-

nique minimised the number of slots from EDFSA ap-

proach when the number of tags is between 400 and

500, and between 800 and 1200 tags. This is because the

number of group sets for EDFSA will be doubled when

the number of Backlog reached the specific threshold;

while PCT increased number of group slowly according

to the estimated number of unread tags. As a result,

the number of slots are minimised for PCT256. On the

other hand, PCT128 performed better than DFSA but

does not outperform the EDFSA. According to opti-

mal efficiency displayed in Figure 2, the initial Q of 8

(frame-size = 256) has a wider range of high efficiency

compared with the initial Q of 7. Therefore, PCT256
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with initial frame-size of 256 has a better performance

than the PCT128 with initial frame-size of 128.

Fig. 3 Number of slots comparison for DFSA, EDFSA,
PCT128, and PCT256 methods on different number of tags

Table 11 shows that there is no improvement of our

proposed methods compared to existing methods when

the number of tags are low (up to around 300 tags).

This is because PCT methods start dividing tags into
groups only when the number of tags reach the spe-

cific threshold. As a result, for certain tag sizes, the

number of slots and performance efficiency remained

unchanged due to the same identification procedure,

compared with DFSA and EDFSA methods. Moreover,

Table 11 demonstrates the PCT128 as the only method

that has different results when the number of tags are

100 and 200 tags. This is due to the fact that PCT128

is the only method that uses initial frame-size of 128

to predict Backlog. Therefore, even the number of tags

still low, the PCT128 start splitting tags into group re-

sulting in different tag outcomes. Furthermore, when

the number of tags is 100 tags, PCT128 shows the min-

imal number of slots issues. The reason for the outcome

is because PCT128 uses frame-size of 7 instead of 8 like

other methods. Thus, when the number of tags are as

low as 100 tags, the PCT128 perform the best. How-

ever, we can see from Figure 4 that the performance

efficiency of PCT128 stabilised and does not improve

any further when the number of tags increased.

Fig. 4 Performance efficiency for DFSA, EDFSA, PCT128,
and PCT256 methods on different number of tags

Table 11 and Figure 4 show that both PCT256 and

PCT-E maintained its system efficiency above other

methods and has the most stable performance. Never-

theless, the PCT-E required additional number of group

sets from the PCT256 method throughout the identifi-

cation process (see Table 6 and Table 10). As a result,

the PCT-E required extra time to initiate a new group

compared with the PCT256 method. On the other hand,

the DFSA’s efficiency dropped dramatically when the

number of tags increase, while the EDFSA’s efficiency

become unstable during the time when number of groups

doubled up from 1 to 2 and from 2 to 4. The PCT128

has steady performance but does not perform as good

as PCT256.

Table 12 demonstrates the percentage of improve-

ment of the proposed PCT method versus EDFSA and

DFSA methods. It can be seen that when the number

of tags are low and the PCT methods have not divided

these tags into groups, there is no difference for the

outcome of our methods and existing methods, and the

percentage of improvement remain unchanged. How-

ever, during the time when number of groups doubled-

up from 1 to 2 (400 tags) and from 2 to 4 (800 tags),

PCT256 and PCT-E show the highest percentage of

improvement compared with the EDFSA method. The

percentage of improvement increased more stably com-

pared with DFSA method, since the DFSA method

does not imply group splitting rules. The PCT256 has
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Table 11 Number of slots comparison and Performance efficiency for DFSA, EDFSA, PCT128, PCT256, and PCT-E methods
on different number of tags

Number of Slots Efficiency
Tags D ED P128 P256 P-E D ED P128 P256 P-E
100 364 364 304 364 364 0.2747 0.2747 0.3289 0.2747 0.2747
200 536 536 588 536 536 0.3731 0.3731 0.3401 0.3731 0.3731
300 880 880 880 880 880 0.3409 0.3409 0.3409 0.3409 0.3409
400 1200 1224 1186 1094 1098 0.3333 0.3268 0.3373 0.3656 0.3643
500 1368 1408 1438 1350 1350 0.3655 0.3551 0.3477 0.3704 0.3704
600 1776 1672 1758 1672 1670 0.3378 0.3589 0.3413 0.3589 0.3593
700 2224 1880 2056 1880 1880 0.3147 0.3723 0.3405 0.3723 0.3723
800 2552 2484 2302 2126 2126 0.3135 0.3221 0.3475 0.3763 0.3763
900 2812 2672 2644 2416 2448 0.3201 0.3368 0.3404 0.3725 0.3676
1000 3504 3016 2936 2760 2760 0.2854 0.3316 0.3406 0.3623 0.3623
1100 3516 3104 3242 2974 2978 0.3129 0.3544 0.3393 0.3699 0.3694
1200 3800 3288 3494 3230 3230 0.3158 0.3650 0.3434 0.3715 0.3715
1300 4308 3552 3814 3552 3550 0.3018 0.3660 0.3408 0.3660 0.3662
1400 4688 3760 4112 3760 3760 0.2986 0.3723 0.3405 0.3723 0.3723

Table 12 Percentage improvement of the proposed PCT128, PCT256, and PCT-E versus existing EDFSA (ED) and DFSA
(D) techniques

PCT128 PCT256 PCT-E
improved improved improved improved improved improved
from ED from D from ED from D from ED from D

100 16.48 16.48 0.00 0.00 0.00 0.00
200 -9.70 -9.70 0.00 0.00 0.00 0.00
300 0.00 0.00 0.00 0.00 0.00 0.00
400 3.10 1.17 10.62 8.83 10.29 8.50
500 -2.13 -5.12 4.12 1.32 4.12 1.32
600 -5.14 1.01 0.00 5.86 0.12 5.97
700 -9.36 7.55 0.00 15.47 0.00 15.47
800 7.33 9.80 14.41 16.69 14.41 16.69
900 1.05 5.97 9.58 14.08 8.38 12.94
1000 2.65 16.21 8.49 21.23 8.49 21.23
1100 -4.45 7.79 4.19 15.42 4.06 15.30
1200 -6.27 8.05 1.76 15.00 1.76 15.00
1300 -7.38 11.47 0.00 17.55 0.06 17.60
1400 -9.36 12.29 0.00 19.80 0.00 19.80

Average -1.66 5.93 3.80 10.80 3.69 10.70

a better performance than the EDFSA by about 4 per-

cent on average, while it is approximately 11 percent

better than the DFSA approach as demonstrated in

Figure 5. The optimal percentage of improvement of

PCT256 method can achieve up to 14 percent and 21

percent compared with the EDFSA and DFSA respec-

tively, depending on the number of tags within the

interrogation zone. Nevertheless, the PCT-E method

required additional number of groups from the PCT

method and acquired slightly lower percentage of im-

provement compared with the PCT method. On the

other hand, the PCT128 has a better performance than

the DFSA method by around 6 percent on average, but

does not show any improvement from the EDFSA tech-

nique, as displayed in Table 12. However, the PCT128

still shows some improvement in some cases and able

to achieve up to 16 percent compared with the EDFSA

and DFSA methods. Therefore, we conclude that our

proposed PCT256 method is the most effective method

in terms of system efficiency and number of slots min-

imisation.

6 Conclusion

Throughout this research, we have identified the sig-

nificance of RFID tag anti-collision and developed a

concept to minimise the tag starvation problem. We

have proposed the Probabilistic Cluster-Base Technique

(PCT) to maximise the performance efficiency and re-

duce the total number of slots and frames queried dur-

ing the tag identification process.

From the results and analysis, we have found that

both our proposed PCT256 and PCT-E methods have

produced a minimal number of slots when compared

with existing state-of-the-art approaches. Specifically,

the PCT256 displays higher performance efficiency than

the EDFSA by about 4 percent on average, while it is
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Fig. 5 Percentage of improvement of PCT compared to DFSA and EDFSA methods

approximately 11 percent better than the DFSA ap-

proach. The PCT-E method required an additional num-

ber of groups and acquired a slightly lower percentage

of improvement compared with the PCT256 configura-

tion. Through our empirical evaluation, we have con-

cluded that our PCT256 method is the most reliable

method. It has maintained its system efficiency above

other existing state-of-the-art approaches and has the

highest achieving performance.
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