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Abstract: Radio-frequency identification (RFID) technology-based real-time indoor location awareness
has been widely studied. In this paper, a passive RFID-based indoor inventory localization method
for small and medium-sized enterprises (SMEs) is proposed to effectively manage their indoor
inventory tracking in terms of the multi-stacking racking (MSR). To achieve this, we introduce
a concept of reference tags and a calculation of measurement for the distance between the RFID
reader and reference tag to improve the accuracy of the item location recognition. To illustrate the
efficacy and applicability of the method, an empirical case study that applies it to an electronic
device manufacturing company is conducted. It was noted that there was no significant difference in
the location awareness rate of the proposed system compared with the existing active RFID-based
methods. Also, it is demonstrated that the construction can be relatively inexpensive in terms of
identifying the location of the items loaded in MSR and relatively narrow areas using a passive
tag. This advantage makes it suitable for SMEs that have issues with large-scale facility investment,
applying the method to compare the location difference between the registered location information
in the inventory system and the actual location of the item in the rack.

Keywords: indoor localization; passive radio-frequency identification; inventory tracking;
multi-stacking racking; reference tag

1. Introduction

A location-based service identifies the location of persons or objects through location awareness
technology and then provides the necessary information [1]. In general, the Global Positioning System
(GPS) is widely used for identifying the location of objects but has a disadvantage in that the location
of objects in indoor areas cannot be grasped because the signals cannot reach there from the satellite.
Furthermore, the deployment of GPS is expensive in terms of the automated tracking of individual
material items [2].

Real-time locating system (RTLS) technology has been used as an alternative in indoor areas for
the location-based service. Various technologies, including wireless LAN (IEEE 802.11b or Wi-Fi) [3],
radio-frequency identification (RFID) [4], ZigBee [5], ultra-wideband (UWB) [6], infrared rays [7],
and ultrasonic waves [8], are utilized for RTLS implementation. Recently, RTLS technology has been
widely used for data management and localization in warehousing, where RFID is the most commonly
used system for locating the stock [9,10].
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RFID is divided into two types, active and passive, depending on whether the tag is capable
of reading and writing data and has its own power supply (battery). The active RFID type has the
advantages of having its own battery, being capable of bidirectional communication with the RFID
reader, and being able to transmit over long distances of over 3 m, whereas its disadvantages include
having higher costs than the passive type and a limited operation time (i.e., average from 5 to 10 years)
because it has its own battery [11]. Meanwhile, the passive RFID type has the merits of a simple and
semi-permanently available structure, because it is powered through the radio signal from the RFID
reader, and lower costs, and its disadvantage is its limited communication range because it mainly
involves backscattering communication. As the active RFID type can store its own location information
and transmit it to the receiver, most studies on RFID technology-based inventory location awareness
have focused on the deployment of active RFID for tracking without localization [12-14] or tracking
with localization [15].

Small and medium-sized enterprises (SMEs) account for 99% of all businesses and for between
50% and 60% of value added. Almost one in three people is employed in a micro firm with fewer
than 10 employees and two in three in an SME. In many regions and cities, SMEs have been the main
drivers of job creation and often contribute to the identity and social cohesion of local communities [16].
Most SMEs have utilized multi-stacking racking (MSR) capable of multi-stage loading to efficiently
manage their warehousing due to the lack of warehouse space and the difficulty in expanding and
securing the scale of the warehouse. MSR-based inventory management allows many items to be
stored in a narrow space. However, accurately identifying and managing stock locations through
warehouse management, which frequently involves changing the stock location in the MSR, can be
cumbersome and difficult. Thus, many SMEs desire to introduce a warehouse management system
(WMS) that enables effective MSR stock location management. However, the WMS system is out
of reach for many SMEs because introducing such a system requires a large amount of financial
investment. For this reason, many SMEs have not adopted automated WMS and continue to manually
manage their inventory location. Overall, although introducing cutting-edge technology for inventory
location management is important for SMEs, more practical methods are needed to effectively manage
inventory location information at a low cost.

Most RFID-based indoor location tracking methods have incorporated active RFID, which enables
tags to transmit the location information to an RFID reader. However, active RFID is more expensive to
deploy and maintain than passive RFID, which can be an issue for many SMEs. Therefore, this study
focuses on how SMEs can effectively manage their MSR indoor inventory tracking at a relatively lower
cost, with the development of a practical algorithm used in tandem with the proven warehousing
technology. To achieve this goal, we propose a passive RFID-based inventory location identification
method that involves the introduction of a concept of reference tags, which are used as a reference
point in relation to the stock loaded in MSR. To illustrate the efficacy and applicability of the
proposed approach, an empirical case study involving an electronics device manufacturing company
in South Korea was conducted.

The main contribution of this paper is that it demonstrates how passive RFID can be used by
SME:s to identify the location of the stock loaded in MSR as part of a low-cost WMS. To the best of the
authors’ knowledge, no research has been conducted on inventory location recognition using passive
RFID in terms of narrow warehousing areas incorporating MSR. Although Tesoriero et al. [17] and
Montaser and Moselhi [18] presented a low-cost indoor location identification and material tracking
methodology for large areas, such as construction projects, using passive RFID, the method was
unsuitable for identifying inventory items located in narrow areas with MSR. Of note, this research
only provides item location information in terms of where an item is located within the MSR and does
not cover the exact location coordinates of the item.

The remainder of the paper is organized as follows. Section 2 outlines the RFID system and
describes the RFID-based location recognition methods. Section 3 introduces the MSR item location
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awareness using the passive RFID type. Section 4 then presents the findings of our study obtained
through the practical experimental results. Finally, Section 5 provides the conclusions.

2. Research Background

2.1. Introduction to RFID

RFID is the generic term for information-identifying systems using radio-waves. Unlike the
barcode system, RFID identifies tag information through non-contact recognition and is attracting
attention as a next-generation technology to replace the barcode system. The RFID system is composed
of an interrogator, RFID tags, and a server computer (i.e., middleware). The main purpose of the
interrogator is requesting the identification of each tag in the reading area (i.e., recognition area),
where the interrogator corresponds to an RFID reader connected with an antenna. The RFID reader
connected with an antenna generates radio-waves toward the tags periodically or continuously to scan
them and interprets radio-wave signals as meaningful information. This periodicity for generating
radio-waves is typically referred to as the recognition interval and is interpreted as how often the RFID
reader generates radio-waves to scan the tags for a specific time (times/sec.).

The tag (transponder) is an electronic component that includes an electronic circuit and an
ultra-small built-in antenna and can store user-defined information in its mounted circuit, which can
then be exchanged through an external antenna. An RFID tag supports a larger set of unique IDs than
a barcode and can incorporate additional data, such as manufacturer and product type. Moreover, it
can measure environmental factors, such as temperature. The antenna transmits and receives data
between the tags and the RFID reader and activates or deactivates the tags by sending a radio signal
to them, whereas the server computer processes the data identified by the tags. An RFID system
can freely change the tag data and simultaneously recognize a large number of tags, but it cannot be
modulated and is reusable [19-21].

RFID tags can be divided into two types, passive and active, depending on the power resource
requirement. Active tags require a power source, either by being connected to a powered infrastructure
or by using energy stored in an integrated battery. One example of an active tag is the transponder
attached to an aircraft that identifies its national origin. However, the batteries make the cost, size,
and lifetime of active tags impractical for the retail industry. By contrast, the lifetime of a passive tag is
limited by the stored energy in relation to the number of read operations the device must undergo.
Nonetheless, the passive tag is of interest because it does not require batteries or maintenance, and it
also has an indefinite operational life and is small enough to fit onto a practical-sized adhesive label. In
sum, the active tag has its own built-in power resource, which allows for its own processing and for
being distanced from the RFID reader, but the operation time of the power resource is limited and the
cost is high. Meanwhile, the passive tag is operated by the electric field from the antenna without the
need for a direct power supply, which is advantageous, as the lifespan is semi-permanent, and the cost
is lower than that of the active tag. However, its recognition distance is short. Of note, this research
defines the RFID active type in terms of active tag-utilizing systems and the RFID passive type in terms
of passive tag-utilizing systems to avoid any confusion.

The tags are classified into low frequency, high frequency, ultra-high microwave, and microwave
depending on the radio-frequency band. The tags have been applied to various fields depending
on their radio-frequency band. For example, 125 and 134 kHz tags are used in livestock product
distribution management, process automation, and access cards, whereas 13.56 MHz tags are used
for transportation and credit cards. Meanwhile, 433.92 MHz tags are classified as active tags and are
usually applied to container terminals and real-time location tracking systems, whereas 860-960 MHz
tags are applied to logistics distribution and material and process management and have a wide
range of uses at low cost. Finally, 2.45 GHz tags are used to prevent passport counterfeiting. In this
study, a 900 MHz tag is used because warehouse management targets the location recognition of
inventory items.
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2.2. RFID-Based Indoor Location Identification Methods

To identify the location of an object using RFID, the following methods are regarded as the most
popular: (1) a method using the arrival time of radio waves, (2) a method using the intensity of the
signal, and (3) a method of recognizing the zone location. The first of these methods can be classified
into time of arrival (TOA) and time difference of arrival (TDOA) [22]. TOA uses active tags and involves
an algorithm that calculates the position of the tags using the arrival time of signals transmitted from
three or more antennas [23]. TDOA also uses active tags and involves an algorithm that identifies the
position of a tag by measuring the arrival time difference among the signals transmitted and received
between two or more antennas and the tags. TOA and TDOA have accurate location recognition
because they use the arrival time and time difference among the signals between the active tags and
each antenna. However, precise time synchronization between the antenna and active tags is required
to accurately identify the position of the tags. As a precise measuring device is required for this
time synchronization, constructing a system for managing a warehouse where a plurality of item
positions must be identified is expensive. For this reason, applying the TOA and TDOA algorithms for
identifying the position of the multiple items in the warehouse is costly [24].

The main advantages of active RFID are that the tag has a built-in power source and can store
its own location information and then transmit it to the RFID reader. Therefore, active RFID-based
localization systems (LSs) have been researched in terms of various applications [25-30]. The method
involving the intensity of the signal is based on the principle that the intensity of the signal between
the active tag and antenna becomes weaker as the distance between the tag and antenna increases.
Washington University in the United States proposed a method known as “SpotON” to calculate the
distance between the antenna and tag based on the intensity of the signal between the two apparatus [31].
LANDMARC [13] is the most common active RFID-based localization system, which uses the concept
of a reference tag to determine the position of a tag using the distance between the former and the
latter. There are several variations of LANDMARC such as [32] and [33]. Sue et al. [32] applied the
LANDMARC idea on regional localization instead of coordinates. Jin et al. [33] showed how to reduce
the computational overhead with a higher locating accuracy than LANDMARC. However, although
these methods are simple to implement, the position information is inaccurate because the intensity of
the signal can be easily changed due to the influence of obstacles within the vicinity.

Hahnel et al. [34] proposed the earliest passive RFID-based LS for the location sensing of mobile
robots in indoor areas, with the robots equipped with passive RFID antennas and a laser scanner.
Elsewhere, Chatopadhyay et al. [35] proposed a passive UHF (Ultra-high frequency) RFID-based
indoor LS using a neural network and KNN (K-nearest neighbors) algorithms to predict the location of
a tag of interest. Meanwhile, Liu et al. [36] used a mobile RFID reader equipped with cameras with
the image-recordable RFID reader service found to provide better location information for specific
objects. With the use of a mobile camera for one targeted object, the possible physical location is
narrowed down based on multiple images that record various times for the object. For their part,
Nemmaluri et al. [37] used a fixed RFID reader within a specific monitoring area. In a smart space,
such as an office or home, a system, known as the Sherlock system, focuses on the localization of
a human being who has a passive RFID tag. One of the features of this system is that the reader’s
antenna sweeps the monitoring area through various panning, tilting, and power-leveling movements
to detect an object. Following this, the location of the specific object is estimated by a steerable camera.

DiGiampaolo and Martinelli [38] developed a two-step localization algorithm for a robot that
patrols a warehouse and localizes objects on shelves using RFID technology, whereas Gonzélez et al. [39]
presented a method for reading a group of RFID tags among a larger group of tags and showed that the
method reduced the number of group readings required to identify the tags, compared with existing
methods involving expensive computational time. Elsewhere, Liu et al. [40] proposed a tag searching
mechanism for effectively ascertaining a specific tag set time with high accuracy in a large-scale RFID
system. Although many studies have suggested methods for tracking the location of objects indoors
using passive RFID, our approach enables locating the inventory in narrow spaces incorporating MSR.
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3. Inventory Location Identification Framework in MSR

This study aims to provide a comprehensive inventory location identification framework utilizing
passive RFID in terms of MSR for low-cost WMSs in SMEs. As shown in Figure 1, the proposed
framework consists of two steps, the configuration of the tag information and the identification of the
inventory location, which form the backbone of the framework. Step 1 attaches the reference tag to the
center of each MSR zone, registers the mapping information between the reference tag and its physical
MSR location, and sets up the recognition preferences for improving the accuracy of the inventory
location identification (Section 3.1). Step 2 then scans the stock in the MSR, temporarily stores the
recognized information in a database, and identifies the inventory location based on the proposed
algorithm (Section 3.2).

* Step 1: Configuration of tag information

(1) Attaching the reference tags
(2) Registering the mapping information
(3) Setting up recognition preferences

* Step 2: Identification of inventory location

(1) Recognizing the tags according to the scanning rule
(2) Identifying location of stocks

Figure 1. Proposed framework.
3.1. Configuration of Tag Information

This step starts by attaching the reference tags to the center of each MSR zone. The reference tag is
used as the location recognition identifier with a known location within a predefined physical MSR
zone, and the locations of the stock items are identified by referring to their adjacent reference tag’s
location. The reference tag has a unique identification code (UID) that provides the location of specific
spaces, locating any item in the MSR. Thus, we must know the UID associated with the location area it
occupies. To obtain the UID, we must physically assign a UID to the location information of the specific
area and implement a mechanism to retrieve this identification. The RFID reader scans the reference
tags attached to the MSR and retrieves the UID of the reference tag. This UID is then sent through a
wireless communication network to the LS server. The LS server is responsible for mapping the UID
to the physical location of the reference tag. To map the reference tag’s UID to the physical location
in the MSR, the mapping information for all reference tags should be registered into the database
implemented at the LS server in advance. The relationship between the RFID reader and LS is based
on a client-server scheme, where the client represents the RFID reader and the server represents the LS
where the location information is presented. A Wi-Fi connection is used to communicate the client and
the server and is based on the transmission control protocol and Internet protocol suite (TCP-IP). To
better understand this, let us suppose that there is an MSR with four zones. When a reference tag with
a UID of ee0010 is attached to Zone #1, the mapping information can be defined as {ee0010, Zone 1}.
The mapping information is then registered in the database through the LS.

To refer to the reference tag as the location identifier of other stock items, we must adjust the
recognition range of the RFID reader. To better understand, let us consider the example shown in
Figure 2. When the RFID reader generates radio waves through the connected antenna, the recognizable
range of the RFID reader (Th; or Thy) depends on the propagation angle (81 or 07) and intensity that
are related to the radio-wave reaching distance (Ih1; or Ihp). Generally, the propagation angle and
intensity of the RFID reader are slightly different depending on the manufacturer and RFID type.
If the propagation angle can be constantly fixed, then the recognizable range may vary depending
on the distance between the RFID reader and target of identification (Rhy or Rhy). This study uses
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a propagation angle control device to artificially fix the wave angles. In Figure 2, let RFID reader 1 and
RFID reader 2 have the same propagation angle (01 = 05), and let RFID reader 1 be closer to the targets
of identification (i.e., the tags) than RFID reader 2 (Rh; < Rhy). T is the center distance between two
adjacent reference tags. Suppose that the RFID reader can read tags that are reachable regardless of the
distance between the reader and a tag, and all the tags are within reader range while T is set to be
a constant. The recognition range of RFID reader 1 is smaller than that of RFID reader 2 (Thy < Thy).
That is, the recognizable range (Th) can be adjusted by varying the distance between the RFID reader
and targets (Rh) while simultaneously fixing the propagation angle of the RFID reader. Here, we set
the measurement distance so that Th should be approximately less than 2T (Th < 2xT) to refer to the
reference tag as an identifier. As a result, the measurement distance is more likely to be determined at
Rhy, rather than Rhy, because Th; is less than 2 x T in Figure 2.

] Reference tags to be recognized

MSR
e Th'l . < Thy »
I ™ | | = |
W «
,// N 1 hy Rh, ]
v/ ¢ Ty
antenna < ' v
Same propagation angle v —> 0,
(6, = 0,) » antenna :
RFID Reader 1 I
RFID Reader 2

Figure 2. Difference in recognizable range based on the measurement distance between the RFID reader
and target.

In terms of geometry, Th should be approximately less than 2T (Th g 2T) to identify one reference
tag. Let Il be the maximum reachable distance of the radio wave generated from the RFID reader to
the target. Again, in terms of geometry, [h and Th can be obtained by Equations (1) and (2) based on

the triangulation method.
Rh
Ihx ————— 1
(sin(90-6/2)) @

Th ~ \/(ZXIhzx(l—cose)) ()

By substituting Ih into Th, Th can be summarized as Equation (3), which exactly corresponds
with Equation (4) by transferring Rk to the left side. Thus, the measurement distance between the
RFID reader and tags is determined to be within Rk. To better understand this function, let us assume
that 0 is 90° and two reference tags are attached to each MSR zone at 2 m intervals (i.e., T = 2m).

The measurement distance is then determined to be within sin<90 - %) X (ZL) ~ 1m.
X (1—cos90)

2
Th ~ 2><[R—h) x (1 - cos 0) 3)
sin(90 - 9)

. 0 Th?
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3.2. Indentification of Inventory Location

Each stock item has a unique tag, and this study uses tags to denote stock items in the same
sense. Once the measurement distance is set, the RFID reader scans the stock from the top-left to the
bottom-right of the MSR (the tag scanning sequence of the RFID reader will be described in detail in
this section) by moving from one zone to another. Note that the RFID reader looks straight ahead
at the target zone and would be positioned perpendicular to the reference tag in each zone when
scanning. The RFID reader keeps its predetermined measurement distance when scanning stocks
and also keeps a constant recognition speed while moving in zones in order to improve identification
accuracy. Figure 3 depicts an example where three stocks are loaded in each MSR zone consisting of
i columns and j rows. To improve the accuracy of item location identification, items are loaded on
one line within each zone, as shown in Figure 3. Rc;; denotes the zone of the i-th column and the j-th
row in the rack, that is, Rcj; and Rcp; denote zones A and B, respectively. The red circles represent the
reference tags attached to the center of each zone, and the green rectangle represents the stock item
with its unique tag. Reference tags A and B, which are attached to Rc1; and Rep, respectively, are used
as the location identifiers of the stock items {Al, A2, A3} in Rcqq and the stock items {A4, A5, A6} in
Reyq, respectively.

i=1 i=2 i=3 i=4
< 2m >
A ZoneA Zone B ZoneC ZoneD
A B C D
2m @ O O @
J= 1 ’4 ------------------------- L 2m >'

Al A2 | | A3 A4 A5 | [ A6 A7 A8 | | A9 A10| [A11| [A12

ZoneE ZoneF Zonea G ZoneH
E F G H

= @ @ @ @

A13| |A14| [AIS|] |A16] |A1T7| |A18[] [A19] [A20] | A21 A22| |A23| [A24

Figure 3. MSR with reference tags and stocks.

The items located in each zone are identified by the following Algorithm 1.
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Algorithm 1. Inventory location identification

Index:

i: Index of column (i=1,.., 1)

j: Indexofrow (j=1,...,])

N: Number of the item loaded in each zone of the MSR

c: Index of the radio-wave generation of the RFID reader in the j-throw (c=1,...,C)

Parameters:

Jcj = A set of recognized tags when the RFID reader generates the c-th radio wave (i.e., the RFID reader
performs the c-th scanning) in the j-th row of the rack

Rjj = A set of recognized tags in which only one reference tag exists among J ;. (Note that only the first
recognized R;; has to be selected if there are several R;;)

Gij = [Decision value] A set of identified item locations in Rc;;

Method:

Step 1: Set T according to the distance between two adjacent reference tags attached to the MSR.

Step 2: Calculate Rh according to Equation (2) and set the measurement distance of the RFID reader within Rh.
Step 3: Set the tag recognition interval of the RFID reader, recognizing speed, and 0.

Step 4: Seti =1and j =1, scan the tag information of the stock, and distinguish R;; among J;.

Step 5: Set Gi]‘ = Rij-

Step 6: Exclude the reference tags and G;_; from R;;: R;; = R;j — G;—1; — reference tags.

While c = C do {

c=c+1

Exclude ]C] from Rijl R,']' - ]C]

If the number of stocks in R;; = N, then leti =i + 1 and go to Step 5

}.

Step7: Ifi=I thenletj=j+1,i=1,c=1, and go to Step 5.

Stopping rule: If i = I and j = ], then the algorithm terminates.

In step 4 of the algorithm, the scanning sequence is as follows. As shown in Figure 3, the RFID
reader scans the tag information of the stock by visiting zones in sequence from Rcj; to Reyj for the
first row with a constant tag recognition speed and interval. If there is no recognizable stock after
the RFID reader completes scanning Rcy;, the RFID reader scans the stock’s tag information for the
second row in the same direction (i.e., from Rciy to Regp). The recognized stock tag information is then
temporarily stored in the LS database.

To better understand this function, we can illustrate the concrete steps using the example shown in
Figure 3. Let us assume that the mapping information of the reference tags is stored in the LS database
in advance. As the width of each zone is 2 m, if we attach the reference tags to the center of each
zone, then the distance between two adjacent reference tags becomes 2 m (i.e., T = 2 m). According to
Equation (4), Rh is calculated as 1 m, that is, the measurement distance of the RFID reader is determined
to be within 1 m. Let us then set the tag recognition interval of the RFID reader, recognizing speed, and
0 to 2 times/sec (= 0.5 sec), 1 m/sec, and 90°, respectively. As mentioned in Section 2.1, the recognition
interval means the frequency at which the RFID reader generates radio-waves to scan the tag and the
recognizing speed means the pace at which the RFID reader travels to scan the tag. The outcomes
of recognized stock tags could stem from the combination of the number of reference tags and R;j,
displayed in Table 1. If there are several R;;, then only the first recognized R;; has to be considered.
Distinguishing R;; among J.; is very important because the former is used to locate the stocks by
referring to the mapping information of the reference tag in the same zone. When we distinguish R,
Ry1, R31, and Ryy, as presented in Table 1, J11, J41, J71, and [101, which have only one reference tag, can
be selected. Here, while J191, [111, and J121 have only one reference tag, “D” can be considered Ry1, the
first recognized, and J1p; should be selected as R41. The stock items in each zone are identified based
on Ri i
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Table 1. Recognized tag information of stock items in each zone.

Recognized Tag Information of

e Stocks Number of Reference Tags R;;
J11 A, Al, A2, A3, A4 1 Ry
Jn A, Al, A2, A3, A4, A5, B 2
J31 A, A2, A3, A4, A5, A6, B 2
Ju B, A3, A4, A5, A6, A7 1 Rop
J51 B, C, A4, A5, A6, A7, A8 2
Je1 B, C, A5, A6, A7, A8, A9 2
J7 C, A6, A7, A8, A9, A10 1 R3p
Js1 C, A7, A8, A9, A10, All1,D 2
Jo1 C, A8, A9, A10, Al1, A12,D 2
Ji01 D, A9, A10, Al1, A12 1 Ry
Jin D, A10, Al1, A12 1
Ji21 D, All, A12 1
J131 - 0

Then, we can substitute R;; into G;j, and exclude the reference tag and G;_1, which is an already
recognized set of stock, from R;;. For example, {A, A1, A2, A3, A4} of Ry; is substituted into G11, and
then Ry is replaced with {A1, A2, A3, A4} by excluding the reference tag A and Gg;, which has a null
value. Then, we can set ¢ to 1, and increase ¢ by 1 and exclude Jej from Rij, while ¢ equals C. If the
number of stock items remaining in R;; is equal to N, then G;; becomes R;;, and the process is repeated
on the next column or row. If the location of the stock items in each zone is identified for all rows
and columns in the rack, then the algorithm terminates. For example, {Al, A2, A3, A4, A5} of [ are
excluded from {A1, A2, A3, A4, A5} of Ry;. The number of stock items remaining in R1; is zero and is
smaller than N = 3. Thus, {A, A2, A3, A4, A5, A6, B} of 31 are excluded from {A1, A2, A3, A4, A5} of
Rq1 continuously. As the remaining stock in Ryj is {Al} and its number is smaller than N, {B, A3, A4,
A5, A6, A7} of J41 are excluded from Rj; continuously. As the remaining stock in Rjq is {Al, A2} and
its number is smaller than N, {B, C, A4, A5, A6, A7, A8} of J5; are excluded from R;; continuously. As
{A1, A2, A3} remains in Ry; and its number is equal to N, Ry is assigned to G11. The items in Gq; are
identified as {A1, A2, A3}; that is, stocks A1, A2, and A3 are located in Rcy;. Subsequently, to identify
the stock in RCyj, the reference tag is excluded and {A1, A2, A3} of G1; are preferentially excluded
from Ryj; then Ry is {A4, A5, A6, A7}. As the number of stock items in Rp; is not equal to N, J5; is
excluded from Ry;, and the remaining stock in Rp; is null. As the number of stock items in Ry is
smaller than N, J4 is excluded from Rjp1, and then the remaining stock in Rp; is {A4}. As the number of
stock items in Ry is smaller than N, J7; is excluded from Rj;, and then the remaining stock in Ry is
{A4, A5}. As the number of stock items in Ry is smaller than N, Jg; is excluded from Ryq, and then the
remaining stock in Rp; is {A4, A5, A6}. Because the number of items in Ry; is equal to N, the stock in
Gy is identified as {A4, A5, A6}; that is, stock items A4, A5, and A6 are located in RCy1. G371 and Gy
are identified in the same way.

4. Experiment and Discussion

To demonstrate the proposed method, we applied it to an electronic device manufacturing company
in Busan, South Korea and verified the location awareness of the items in the MSR. The portable
XCODE IU9030 RFID reader with a frequency of 900 MHz was used. The XCODE IU9030 has a
recognition range of 2-3 m (tag dependent), and the recognition rate is over 10 tags/sec. The air interface
protocol supports the EPC Class 1, Gen2, ISO18000-6B, and the corresponding tag is the passive type,
operated at a 900 MHz band frequency. The proposed algorithm was implemented by Visual C++
programming language at Visual Studio 2015. We considered an MSR of 216 cm in width and 144 cm
in length, consisting of two rows and three columns, and each zone was a 72 X 72 cm square. When we
attached the reference tags to the center of each zone, the distance between the adjacent reference tags
(T) could be calculated as 72 cm, which is equal to the width of the zone. The propagation angle of
the RFID reader (0) was set at 125°, with aluminum foil placed in front of the RFID reader to fix the
propagation angle at this value. As can be seen from many studies, metal and aluminum foils can
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block propagations. This study attached an aluminum conical structure to the RFID reader with an
angle of 125°, as shown in Figure 4, to control the propagation angle of the RFID reader.

Mockup design

Figure 4. RFID reader with aluminum conical structure (mockup).

The experiment proceeded in two parts. First, we tested the accuracy of the reference tag
recognition by checking the recognition of the tags in accordance with the change in measurement
distance. In addition, we tested the recognition accuracy in terms of inventory location by changing
the number of stock items to be loaded in each zone and the tag recognition interval of the RFID
reader. Second, we evaluated and verified the accuracy of the location identification by comparing the
locations of the stock items identified by the proposed method with the actual locations. In order to
enhance the experiment, we have developed a prototype embedding the proposed algorithm.

4.1. Results for the Accuracy of the Measurement Distance and Inventory Location Recognition

With values of 125° in 0 and 72 cm in T, Th and Rh were calculated as less than or equal to 1.4 m
and 38.06 cm by Equations (3) and (4), respectively; that is, the measurement distance between the
RFID reader and the tags should be less than or equal to 38.06 cm. The UIDs for the three reference tags
of areas 1-1, 1-2, and 1-3 were e0008f4, 0000617, and f000897, respectively. The experiment aimed to
evaluate the recognition accuracy of the reference tag for area 1-2 (UID: 0000617), by means of the RFID
reader, when the measurement distance was increased in 5 cm intervals from 20 cm to 60 cm. The MSR
layout for the experiment is presented in Figure 5. The tests were replicated 30 times, and the average
recognition results are plotted in Figure 6. Only the reference tag of area 1-2 was recognized when the
measurement distance was increased from 20 cm to 40 cm. Thus, only the targeted reference tag can be
recognized without the recognition of other adjacent reference tags when the measurement distance is
set to be less than or equal to 38.06 cm. However, the chance of recognizing the adjacent reference tags is
significantly increased when the measurement distance is more than 45 cm. Therefore, this experiment
shows that the estimated measurement distance is practically applicable to the identification of the
inventory locations of stock items with great recognition rates for passive RFID tags. We then analyzed
the inventory location identification based on the change in the number of stock items to be loaded in
zone (area) 1-2 and the tag recognition interval of the RFID reader. The tag recognition speed of the
RFID reader was fixed at 0.15 m/s. The number of stock items in each zone was changed from one
to seven, and the tag recognition interval of the RFID reader was changed t0 0.3, 0.5, 1,2, 3, 4, and 5
sec. Table 2 shows the mean recognition rates when the measurement was carried out 30 times for
each setting. The recognition rate was 100% when the number of stock items was less than or equal
to two and the tag recognition interval was less than or equal to 1 sec. In addition, the recognition
rate was 100% even when the tag recognition interval was 0.3 sec and the number of stocked items
was less than or equal to three. The larger the number of stock items loaded in each zone, the greater
the variability in recognition rates together with the lower the mean. The same trend applies to the
recognition intervals. Figure 7 shows the influence of the number of stock items and tag recognition
intervals on mean recognition rates. The plot indicates that the tag recognition interval had greater
effect on the recognition rate than the number of stock items (Figure 7a), and the higher number of
stock items lead to worse recognition rates (Figure 7b). It could be interpreted that smaller recognition
intervals (or number of stock items) contribute positively to a greater recognition rate. According to
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the observations, it is found that both the recognition intervals and the number of stock items have a
significant effect on the recognition rates in an inverse manner. It means that the recognition rate could
be improved when the recognition interval or/and the number of stock items decrease/s. Therefore,
the experiment results recommend managers load fewer than three items in a zone and scan the
reference tag with an RFID reader with a recognition interval lower than 1 sec in order to have a 100%
recognition rate.

1-2 area
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Figure 5. MSR areas with three items.
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Figure 6. Recognition of the reference tags with an increase in Rk at a propagation angle of 125°.
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Table 2. Recognition rates for the number of stock items and tag recognition intervals (%]).

Number of Stocked Tag Recognition Intervals of the RFID Reader (sec)
Items
0.3 0.5 1 2 3 4 5 Mean Standard
Deviation
1 100 100 100 85 70 50 50 79 22.8
2 100 100 100 80 60 30 30 71 31.8
3 100 95 95 75 55 25 20 66 33.8
4 95 90 90 70 50 15 10 60 35.9
5 90 80 80 60 35 10 0 51 36.1
6 90 80 80 55 30 5 0 49 37.3
7 90 80 80 45 15 0 0 44 39.6
Mean 95 89 89 67 45 19 16
Standard deviation 5.0 9.3 9.3 14.4 19.1 17.2 19.0
M ain efiectof recognition rate(m ean) M utaleflectaccoring to recognition rate(n ean)
Numberofstocks Tag recogniton nteval 1004 Num ber
100 of
stocks
90 —— 1
£ 804 —n 2
3 80 B o
5] g —aA- 4
=] K
2 10 ‘g 60q ~
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(a) Individual effect of the number of stock items or (b) Mutual effect of the number of stock items and
recognition intervals on recognition rate recognition intervals on recognition rate

Figure 7. Main effect plot for the recognition rate between the number of stock items and the tag
recognition intervals.

The regression analysis for the recognition rate was conducted by increasing the number of stock
items in each zone from one to 15 and increasing the tag recognition interval from 0.2 to 7 sec, thus the
recognition rate was obtained as in Equation (5) with R-square = 94.1%, P-value = 0.00. R-square is
a statistical measure for the proportion of the variance for a dependent variable that is explained by an
independent variable, or variables, in a regression model [41], and the P-value, or probability value, is
the probability of obtaining test results as extreme as the results actually observed for the statistical
hypothesis testing, assuming that the null hypothesis is correct [42].

The recognition rate = 125 — 6.02 X N — 18.6 X tag recognition interval @)

The regression formula further supports the experiment results, as it explicitly shows the association
of the tag recognition interval with the recognition rate. According to Equation (5), we could calculate
that, for the recognition rate to be 100%, the tag recognition interval of the RFID reader should be
approximately 0.05, 0.37, and 0.70 sec when the number of loaded stock items is four, three, and two,
respectively. In addition, as the number of stock items increases, the tag recognition interval needs to
be decreased to retain the recognition rate. Furthermore, even if the tag recognition interval is small,
the recognition rate could be lowered when the number of stock items is large.

4.2. Results for Item Location Identification

For the practical experiments, we extended the size of the MSR to four rows and five columns
of 360 cm in width and 288 ¢cm in length. For the given 20 zones, the unit zone size was same as the
previous setting, and three items were loaded in each zone (i.e., a total of 60 items were loaded in
the MSR) with a distance of 24 cm in between. The Rk and tag recognition interval were set at 35
cm and 0.3 sec, respectively, because, as demonstrated in Section 4.1, these are the optimum values
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for obtaining the best recognition rate. Meanwhile, the tag recognition speed of the RFID reader
was approximately 0.36 m/s. We performed inventory location identification with 20 replications by
applying the proposed algorithm under the same settings and conditions. The accuracy of the location
identification was calculated via comparing the experimental results with the actual location of the
stock items in favor of the number of existing stock items divided by the total number of identified
items. The results of the 20 repeated measurements under the same setting and conditions are shown
in Figure 8. In Figure 8a, we could recognize that there were several incorrectly identified items in the
2nd, 3rd, 4th, 5th, 9th, and 13th measurements out of a total of 60 items. In Figure 8b, we can ascertain
that the location identification success rate using the proposed algorithm was 98.75% on average, with
a standard deviation of 2.22%, which is practically high enough to identify inventory locations using
the passive RFID tag. Although the recognition rate hardly reaches 100%, a meaningful result was
obtained, given that the conventional active RFID tag-based location awareness method is also unable
to guarantee an identification accuracy of 100%. SME managers might consider applying the proposed
method, as it is an economical alternative, instead of the active tag-based location awareness method.
The market prices for active tags are typically known to be twice as high as that of the passive tag.

61 105

60 100
59 S o5

90

Number of correctly identified
items
]
Accuracy rate (%)
oo

1234567 8 910111213 141516 17 18 19 20 0123 456 78 910111213 14151617 18 19 20 21

Measurement number Measurement number

(a) Number of correctly identified items over 20

(b) Accuracy rates over 20 measures
measures

Figure 8. Results of the item location identification for the 20 repeated measurements.
5. Concluding Remarks

RFID-based real-time location awareness has been widely studied. Although passive RFID
tag-based methods involve lower costs than active RFID methods, most studies have focused on the
latter, with the research on the former remaining largely insufficient. Thus, we proposed a passive
RFID-based inventory localization method that involved the introduction of the concept of reference
tags. The proposed algorithm was programed and then applied to the MSR, consisting of four rows and
five columns installed in an electronic device manufacturing company in South Korea. We confirmed
the tag recognition according to the change in the measurement distance, the tag recognition interval
of the RFID reader, and the number of stock items in each zone. We also verified the accuracy of
the location identification for the size-expanded MSR through 20 repeated experiments. From these
experiments, we found that as the number of loaded stock items is increased, the tag recognition
interval of the RFID reader inversely decreases to increase the recognition rate. Furthermore, even if
the tag recognition interval of the RFID reader is small, the recognition rate can be lowered when the
number of loaded stock items is large. In addition, we confirmed that the proposed method provided
a meaningful result, as there was no significant difference in the location identification rate compared
with that of the existing active RFID tag-based methods.

Strictly speaking, the proposed method is not a real-time location identification method, as the
operator recognizes the item information in the MSR with a portable RFID reader at a specific time.
However, the proposed method is relatively inexpensive to construct in terms of identifying the
location of the items stacked in MSR and in relatively narrow areas using a passive tag. This advantage
makes it suitable for SMEs that have issues with large-scale facility investment, applying it to compare
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the location difference between the registered location information in the inventory system and the
actual location of the items in the rack.

Despite the many advantages of the proposed method, the following issues should be addressed
to make the method more practically applicable, and these issues will be the subject of future research.
First, the decrease in the location identification rate should be compensated for when the tag recognition
interval and the number of items loaded in each zone increase. Second, the proposed method has
a restriction, as the same number of items must be loaded in each zone, and the item locations should
be correctly identified, even if various numbers of items are loaded in each zone.
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