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ABSTRACT

This paper presents a smart checkout system designed to mitigate the issues of noise and errors present in the
existing barcode and RFID-based systems used at retail stores’ checkout counters. This is achieved by integrating
a novel AI algorithm, called Improved Laser Simulator Logic (ILSL) into the RFID system. The enhanced RFID
system was able to improve the accuracy of item identification, reduce noise interference, and streamline the overall
checkout process. The potential of the system for noise detection and elimination was initially investigated through
a simulation study using MATLAB and ILSL algorithm. Subsequently, it was deployed in a small-scale environment
to validate its real-world performance. Results show that RFID with the proposed new algorithm ILSL and AI
basket is capable of accurately detecting the related items while eliminating noise originating from unrelated objects,
achieving an accuracy rate of 88%.
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1 Introduction

In recent years, retail stores have seen substantial transformation, resulting in the emergence of
smart shopping systems designed to offer new, dependable, and comfortable shopping experience.
These innovations enhance and simplify the purchasing experience, primarily by eliminating the
inconveniences encountered during checkout [1]. Current retail stores use two major technologies to
scan products during checkout, namely, barcode and RFID systems. Several concerns have arisen with
the barcode system, including barcode damage or scratches [2], long checkout times as it is done one
at a time [3–5] and the presence of noise and human errors that creates a negative impression of the
system [6].
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In contrast, the adoption of RFID technology has improved the process of monitoring and
recognizing items in a number of retail outlets. RFID technology, which uses radio waves, facilitates the
implementation of Automatic Identification Technology (AIT) though RFID tags. RFID readers can
capture data from RFID tags that are within the range of the RFID reader, simplifying the process
of gathering information in an efficient and convenient manner. This feature has proven extremely
useful in a variety of applications, including product tracking, asset management, inventory records,
and cashless payment systems [7]. Nevertheless, certain limitations have been identified during the
implementation of RFID systems such as noise and uncertainties under various conditions, which
will be further elaborated.

Nisha developed RFID systems for libraries to streamline stocktaking processes [8]. However, a
challenge arose when the data from RFID tags could not be retrieved at the edges of bookshelves,
requiring manual removal of books for tag reading, leading to manual interaction with the automated
system. Interference in the magnetic field, caused by factors such as the presence of medical equipment,
metallic objects, liquid, glass, and moist environments, can lead to inaccurate readings by the RFID
readers [9]. These factors can also impact the reading rates and accuracy. This is a common challenge
in healthcare facilities where the constant presence of medical equipment and materials can disrupt
RFID-based management systems.

Aboelmaged et al. highlighted that RFID technology faces technical challenges related to the
frequencies variation of tags and systems in the patient and medical asset management operations [10].
These technical obstacles can lead to interoperability issues, making difficulties for different RFID
systems to communicate effectively. This lack of compatibility can reduce efficiency and increase costs
since different RFID systems may require different hardware, software, and data processing solutions.
Reader collision is a common problem in RFID systems, as noted by Golsorkhtabaramiri et al. [11],
occurring when multiple readers attempt to communicate with tags simultaneously in close proximity.
This concurrent activity can cause interference, leading to errors such as false readings, data cor-
ruption, and decreasing the system performance. the reader collision can also result in bandwidth
consumption, data reading delays, and overall system inefficiency [12]. Athauda et al. highlighted that
RFID technology may face environmental constraints in the food industry, such as humidity and
temperature levels. that affects its functionality and reliability [13]. For example, high humidity levels
can damage or reduce the functionality of RFID tags due to the absorption of moisture. This reduces
the signal strength and potentially causes a misreading of RFID tags. Moreover, the excessive humidity
can weaken the adhesive the RFID tags [14]. Extreme temperatures, whether too high or low, can also
harm RFID tags through thermal shock, leading to tag malfunction or damage [5].

Zhou et al. have emphasised that RFID tag collision as a prevalent issue in logistics, occurring
when multiple RFID tags are in close to each other’s during simultaneous reading [15]. This proximity
causes signal interference and reduces tag readability due overlapping of the electromagnetic fields.
Pal discussed two environmental barriers that RFID may encounter, namely, tag collisions and inter-
ference from medical equipment [16]. The tag collisions involve multiple tags trying to communicate
simultaneously with the reader, causing signal interference and hindering the identification process.
This can affect the speed and efficiency of tag identification. Xiang et al. discussed the potential
challenges that are faced by RFID systems in the healthcare settings, emphasizing how interference
from medical equipment like Magnetic Resonance Imaging (MRI) machines, Computed Tomography
(CT) scanners, and X-ray machines can disrupt the performance of RFID tags and readers [17].
They highlighted how the strong electromagnetic fields generated by these devices can lead to signal
interference, impacting tag readability and communication reliability [18]. Additionally, it was also
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noted that metal objects and liquids that are commonly found in healthcare environments, can also
hinder RFID system performance by causing signal attenuation and absorption [19].

In the grocery retail industry, Karuppuswami et al. [20] pointed out a limitation related to the
reading range of RFID technology, which is defined as the distance between the reader and the tag.
This limitation can result in inaccurate inventory management as some products may not detect by the
reader, potentially leading to issues like overstocking or stockouts.

Nitin Shah et al. addressed the challenge of simultaneous responses from multiple RFID tags
in indoor positioning systems used in educational institutions with robots [21]. The interference
and overlapping of signals can occur when multiple tags are present in the same space, resulting in
inaccurate readings [22]. Furthermore, there are technical limitations related to the memory capacity
of RFID tags, noting that while these tags can store data permanently, their storage capacity is limited
[23]. This constraint can pose challenges in the applications requiring extensive data storage on tags,
such as supply chain management or asset tracking [24].

According to Aliasgari et al. [25], one of the challenges associated with Ultra-Wideband (UWB)
chipless RFID readers is the issue of reader sensitivity. They noted that the intricate nature of signals
used in UWB chipless RFID technology can lead to issues with reader sensitivity, making it difficult
for readers to accurately detect and decode the signals from tags. Shen et al. discussed the issue of
speed and movement of tags in RFID technology within the information services industry [26]. In
some applications, such as inventory management or asset tracking, tags may need to be read while
they are moving at high speeds. This can pose challenges, especially in environments with a high volume
of tags or where tags move quickly and unpredictably, such as in warehouse or logistics settings.

The accuracy and completeness of RFID data pose a significant challenge when implementing
RFID technology in the fashion retail industry, due to the reliability and thoroughness of the
information that are transmitted between RFID tags and readers [27]. As the fashion industry
products are often complex with multiple variants, it is crucial to have accurate and complete data to
ensure efficient inventory management, streamlined supply chain operations, and improved customer
experiences. However, issues may arise when RFID technology fails to capture all relevant data
accurately, leading to inaccuracies or omissions that can result in stockouts, overstocking, or misplaced
items [28]. Data presented in Table 1 lists the observed RFID noise documented in the existing research
studies.

Table 1: RFID noise in the existing research studies

Sources Industry/Applications Noise/Errors location Noise/Errors details

Nisha [8] Information services RFID tag readability RFID tags cannot be
read through metal or
wooden surfaces, which
can pose challenges in
certain library
environments.

(Continued)
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Table 1 (continued)

Sources Industry/Applications Noise/Errors location Noise/Errors details

Paaske [9] Healthcare System errors Technical malfunctions,
such as scanner errors,
printer jams, or system
crashes, can occur and
lead to delays.

Paaske [9] Healthcare Tags are lost or
damaged

When tags are lost or
damaged, they become
illegible, reducing
system accuracy and
reporting.

Aboelmaged et al. [10] Patient and medical
asset operations
management

Multiple frequencies of
tags

Reduced read accuracy
and increased error
rates.

Golsorkhtabaramiri
et al. [11]

Dense environments RFID reader collision The novel anti-collision
protocol enables greater
throughput than prior
protocols without the
use of additional
hardware.
In a reader, when several
signals arrive at the
same time, a situation
called tag-to-tag
collision occurs, making
it difficult to accurately
detect all tags within its
range.

Athauda et al. [13]
Taoufik et al. [14]

Food Environmental
conditions

Extreme temperatures
or humidity can affect
RFID tag performance
and readability.

Zhou [15] Logistics Tag collision Multiple RFID tags can
interfere with each
other, causing read
failures.

(Continued)
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Table 1 (continued)

Sources Industry/Applications Noise/Errors location Noise/Errors details

Pal [16] Supply chain
management

Tag collision RFID tag collision
arbitration is a heavily
researched topics
because it maintains
data quality.

Xiang et al. [17] Healthcare Interference from
medical equipment

RFID signals can be
disrupted by medical
devices that can lead to
read failures.

Abugabah et al. [18]
Shokouhifar [19]

Healthcare Interference from metal
and liquids

RFID signals can be
affected by metal
objects and liquids that
cause read errors.

Karuppuswami
et al. [20]

Grocery retail Reader range
limitations

RFID readers have a
limited range, resulting
in incomplete or failed
tag reads.

Nitin Shah [21]
Su et al. [22]

Educational institutes,
warehouse, and supply
chain logistics

Multiple frequencies of
tags

More than one tag can
respond at the same
time.

Bibi et al. [23]
Beqqa et al. [24]

Food, Supply chain
stores

Tags with a limited
memory and capacity

RFID tags with limited
memory capacity are
constrained on the
amount of data they
can store. This
limitation can be a
challenge when trying
to capture and store
detailed information
about a product or its
journey through the
supply chain.

Aliasgari et al. [25] UWB chipless RFID
readers

Reader sensitivity Provide specifications
and performance data,
including sensitivity
measurements.

(Continued)



1282 CMC, 2024, vol.80, no.1

Table 1 (continued)

Sources Industry/Applications Noise/Errors location Noise/Errors details

Shen et al. [26] Information services Speed and movement of
tags

Play a role in the library
industry, particularly in
the context of library
management systems
and the organization of
library materials.

Landmark [27]
Feng et al. [28]

Fashion retail, smart
factory

Accuracy and
completeness of RFID

Successful
implementation requires
a well-designed system,
proper tag placement,
and regular
maintenance to ensure
reliable operation.

In this work, the development of smart checkout system, known as the AI basket, will be built to
integrate a novel AI algorithm with RFID system for noise elimination. This will enable the automatic
self-scanning of items and ensure greater accuracy in identifying and recording each item, minimizing
errors, and further optimizing the checkout process. The implementation of a smart checkout system
using RFID and the proposed AI algorithm will allow for the enhancement of customer satisfaction,
operational efficiency boost, and provision of an exceptional retail experience.

The contribution of this paper can be summarized as follows:

• This research aims to develop a highly robust RFID checkout system with the capability to
eliminate the noise using a novel algorithm, known as improved laser simulator logic (ILSL).

• The proposed system has been rigorously evaluated through both simulation and experimental
works to demonstrate its effectiveness and accuracy. The testing was conducted on a smaller
scale to evaluate the system’s performance in real-world environment.

2 Development of Smart Checkout System

The development of a smart checkout system is carried out in three stages. In the first stage, the
improved laser simulator logic approach for eliminating the noise in smart RFID checkout system will
be derived, as detailed in Section 2.1. The second stage involves the development of the simulation
study using MATLAB to evaluate the system’s ability to detect and eliminate noise while accurately
identifying items, as discussed in Section 2.2. Finally, in the third stage, the fully developed system
is deployed in a small-scale experimental setup to evaluate the performance of the proposed smart
checkout system in real-world scenarios, as outlined in Section 2.3.

2.1 Improved Laser Simulator Logic Approach

A novel approach called Improved Laser Simulator Logic (ILSL) is developed to reduce the noise
and errors in RFID systems. The original concept of laser simulator logic (LSL) for fuzzification and
defuzzification in control systems with complex linguistic variable membership functions [29] will be
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significantly enhanced by the proposed ILSL to make it more useful and simple in noise elimination
applications. Both LSL and ILSL are capable of handling noise through the high inference of linguistic
variables with a dynamic range of membership functions. This will help to overcome the limitations
of fuzzy logic in dealing with high overlapping between linguistic variables, as shown in Fig. 1.

High overlapping, where each linguistic variable starts before the 
midst of the previous one. 

Figure 1: Fuzzy logic drawbacks with high overlapping

Eqs. (1)–(6) describe the fuzzification system with high and low overlapping in both LSL and
ILSL. The primary differences between them will occur during the calculation of membership value,
as indicated in Eqs. (7)–(10). The main differences between the original and the proposed improved
LSL are summarized as follows:

• A new function has been introduced to eliminate the impact of a linguistic variable non-
appearance, as shown in Eqs. (7) and (8).

• A new function that can determine the membership values for any crisp input, whether it
involves low or high overlapping between linguistic variables, as outlined in Eq. (9).

• The main impact of ILSL is the formulation of a new general equation for finding the
membership value of linguistic variables in both high and low overlapping cases, as presented
in Eq. (10).

The laser simulator logic algorithm relies heavily on the proportional correlation between the
position of crisp input/output values and the complete spectrum of input/output linguistic variables.
This relationship is depicted by the membership value of the crisp input/output, as shown in Fig. 2.
Essentially, the membership value is calculated based on the ratio of the position of the input crisp
value to the range of the input linguistic variables, as defined in Eq. (1). These proportional effects of
the input set will subsequently impact the output sets based on the rules of the fuzzy inference system.

s em

Membership 
value in the 
universe of 
discourse (Y)

Crisp input y1 Crisp input y2

Linguistic variable 

Figure 2: Inference system for a single linguistic variable in laser simulator logic

The membership of a fuzzy set (R) within the universe of discourse (Y) can be defined as follows:
μi : Y → [0 1], where R = {(y, μi (y)) | y ∈ Y}. The laser simulator logic membership values,
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according to Fig. 2, can be calculated using Eq. (1).

μ (y) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 y ≤ s
y − a

(y − a) + (m − y)
s < y < m

b − y
(b − y) + (y − m)

m < y < e

0 y ≥ e

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(1)

where s, e and m are the starting, ending and midst of linguistic variable as illustrated in Fig. 2.

For y = y1 and y = y2 as shown in Fig. 2, the membership can be calculated as:

μ (y1) = y − s
(y − s) + (m − y)

, μ (y2) = e − y
(e − y) + (y − m)

The cumulative sum of membership values for a crisp input across all inferred linguistic variables
must satisfy Eq. (2):
∑j

i=1
μi(y) ≤ 1 | y ∈ Y (2)

where j represents the total number of overlapped linguistic variables.

2.1.1 Improved Laser Simulator Membership Derivation

The improved Laser simulator logic algorithm equations can be derived as follows:

Let’s assume j overlapped-linguistic variables within the input set X , each characterized by the
following beginning, ending, and midst points as shown in Fig. 3:

- s1, s2, s3, . . . , sj represent the starting points of the linguistic variable ranges

- e1, e2, e3, . . . , ej indicate the ending points of the linguistic variable ranges

- and m1, m2, m3, . . . , mj correspond to the midpoint values within the linguistic variable ranges.

(a)  Fuzzy logic with low overlapping         (b) Fuzzy logic with high overlapping

Figure 3: (Continued)
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(c) Laser simulator logic with low overlapping (d) Laser simulator logic with high overlapping

Figure 3: Types of overlapping in membership functions for triangular fuzzy logic and laser simulator
logic

It is essential to formulate a general equation that can be used to calculate the membership value
scenarios with both low and high overlapping. To achieve this, the following equations will be derived:

The membership values in lowly overlapping situations can be calculated using Eq. (1).

The cumulative membership value in lowly overlapping cases for a specific crisp input can then
be calculated using Eq. (3):

∑j

i=1
μi(y) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 y < s1

y − a1
(y − a1) + (m1 − y)

s1 < y < m1

e1 − y
(e1 − y) + (e1 − m1)

+ y − a2
(y − s2) + (m2 − y)

+ . . . + y − sj

(y − sj) + (mj − y)
m1 < y < e1

e2 − x
(e2 − x) + (e2 − m2)

+ y − s3
(x − a3) + (m3 − x)

+ . . . + y − sj

(x − aj) + (mj − x)
e1 < y < m2

...

ej−1 − y

(ej−1 − y) + (ej−1 − mj−1)
+ y − sj

(y − sj) + (mj − y)
mj−1 < y < ej−1

ej − y

(ej − y) + (y − mj)
mj < y < ej

0 y > ej

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(3)
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The accumulative membership values for highly overlapping case can be written as in Eq. (4):

∑j

i=1
μi(y) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 y ≤ s1

y − s1

(y − s1) + (m1 − y)
s1 < y ≤ s2

y − s1

�D
+ y − s2

�D
+ . . . + y − sj

�D
a2 < y ≤ m1

e1−y

�D
+ y − s2

�D
+ . . . + y − sj

�D
m1 < y ≤ e1 & y ≤ m2

e1−y

�D
+ e2−y

�D
+ . . . + y − sj

�D
m1 < y ≤ e1 & y ≥ m2

e2−y

�D
+ y − s3

�D
+ . . . + y − sj

�D
e1 < y ≤ e2 & y ≤ m3

e2−y

�D
+ e3−y

�D
+ . . . + y − sj

�D
e1 < y ≤ e2 & y ≥ m3

...

ej−1 − y

�D
+ y − sj

�D
ej−2 < y ≤ ej−1 & y ≤ mj

ej−1 − y

�D
+ y − sj

�D
ej−2 < y ≤ ej−1 & y ≥ mj

ei − y
(ei − y) + (y − mi)

ej−1 < y ≤ ej

0 y ≥ ej

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(4)

where �D in Eq. (4), has the values as in Eq. (5):

�D =
∑j

i=1
�Di =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 y ≤ s1

(y − s1) + (y − m1) s1 < y ≤ s2

(y − s1) + (y − s2) + · · · + (
y − sj

)
s2 < y ≤ m1

(e1 − y) + (y − s2) + · · · + (
y − sj

)
m1 < y ≤ e1

(e2 − y) + (y − s3) + · · · + (
y − sj

)
s1 < y ≤ e2

...

(
ej−1 − y

) + (
y − sj

)
ej−2 < y ≤ ej−1

(
ej − y

) + (
y − mj

)
ej−1 < y ≤ ej

0 x ≥ ej

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(5)
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To simplify the sub-ranges in Eqs. (4) and (5), �D is defined in Eq. (6). This enables the calculation
of the membership value of the crisp input linguistic variable at any position within the universe of
discourse range, whether its position is located before or after the midpoint linguistic variable mi. This
can be determined using the following expression:

min ((y − si) , (ei − y)) =
⎧⎨
⎩

y − si si < y < mi

ei − y mi < y < ei

⎫⎬
⎭

Thus, Eq. (5) will be transformed into Eq. (6):

�D =
∑j

i=1
�Di =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑j

i=1 min((y − si) , (ei − y)) s2 < y ≤ e1

∑j

i=2 min((y − si) , (ei − y)) e1 < y ≤ e2

...

∑j

i=j−1 min((y − si) , (ei − y)) ej−2 < y ≤ ej−1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(6)

To address situations where the starting and ending points of linguistic variables may not adhere
to a sequential order and can appear randomly within the universe of discourse, a step function fi will
be applied to nullify the impact of a linguistic variable in �D once it has been exceeded or has not yet
been reached, as depicted in Eq. (7):

fi =
⎧⎨
⎩

1 min((y − si), (ei − y) ≥ 0

0 min((y − si), (ei − y) < 0

⎫⎬
⎭ (7)

To eliminate the impact of a linguistic variable non-appearance, one can utilize Eq. (8):

fi × min((y − si), (ei − y)) =
⎧⎨
⎩

min((y − si) , (ei − y)) y ≥ si

0 y < si

⎫⎬
⎭ (8)

To formulate an equation that assists in determining membership values for any crisp input,
whether it involves low or high overlapping between linguistic variables, the term |(mi − y)| in Eq. (1)
must be included into Eq. (6) when the low overlapping exists and excluded in the case of high
overlapping. This can be achieved by using a step function Ny in Eq. (9):

Ny =
⎧⎨
⎩

1 y ≤ s1 ∨ y ≥ ej−1

0 s1 < y < ej−1

⎫⎬
⎭ (9)
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The general equation for finding the membership value of linguistic variables in both high and
low overlapping cases is defined as in Eq. (10):

μi (y) =

⎧⎪⎪⎨
⎪⎪⎩

0 y < si ∨ y > ei

min ((y − si) , (ei − y))∑1

i=i−1 fi × min ((y − si) , (ei − y)) + |(mi − y)| × Ny

si ≤ y ≤ ei

⎫⎪⎪⎬
⎪⎪⎭

(10)

2.1.2 ILSL Implication and Defuzzification

The implication process in both LSL and ILSL follows the princles of fuzzy logic, where the
membership values of linguistic variables in the input set is implicated onto the corresponding
linguistic variables in the output set, adhering to the rules of the fuzzy inference system, as described
in Eq. (11).

zi = μi(y) × Zi (11)

where Zi represents the range of the output linguistic variable, while zi represents the implication result
of the input on the output based on fuzzy rules. The crisp output can be determined by calculating the
average value of the implication values of zi, as specified in Eq. (12):

z =
∑n

i=1 zi

n
(12)

where the value of ‘n’ corresponds to the number of times the rules’ implications affect the values of
the output linguistic variables.

2.1.3 Implementation of Improved Laser Simulator Logic with Smart Checkout RFID System

The Improved Laser Simulator Logic (ILSL) streamlines the checkout process by accurately dif-
ferentiating between desired and undesired items, thereby enhancing the overall checkout experience.

The implementation of the ILSL involves two primary steps:

i. Defining input and output membership functions.
ii. Applying laser simulator logic rules for decision making.

In this particular application, two input sets are employed: the distance of the tags to the reader
and the length of the conveyor belt. Each input set is divided into five possible ranges, with each range
associated with a linguistic variable. For instance, the linguistic variables of first input set: the distance
of tags = {too short, short, moderate, long, too long}. Similarly, the length of conveyor distance has been
divided into 5 possible ranges with 5 linguistic variables. The linguistic variables of the second input set:
Length = { far left, near left, exact, near right, far right}. The output of the laser simulator logic system
is a decision on whether the detected item is a desired item or noise. This output set also consists
of five linguistic variables = {noise, possible noise, possible object, object}. Fig. 4 provides a visual
representation of the two input sets used in this application and the locations of their corresponding
linguistic variables.

The RFID system becomes noisy in the following scenarios:

– objects that are related in the next queue for another costumer.
– objects that are located below or on top of the conveyor.
– objects that are located beside the cashier.
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Figure 4: Details of improved laser simulator logic input sets and the locations of their linguistic
variables

Therefore, there is a need to develop an AI system capable of handling such noise. To address the
noise in AI decision-making, a diagram illustrating all possible decisions is presented in Fig. 5. This
diagram maps the linguistic variable of inputs, distance and length to the decision.

Figure 5: The measurement dimensions for each linguistic variable employed in this study
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In this study, the performance of laser simulator logic will be compared to fuzzy logic under
two conditions: (a) Without high overlapping between the linguistic variables and (b) With high
overlapping between the linguistic variables.

(a) Without high overlapping between the linguistic variables

Table 2 shows the linguistic variables with minimal overlapping, accompanied by their dimensions,
measured in both input units (mm) and output (percentage). Fig. 6a,b demonstrates the application
of both fuzzy logic and laser simulator logic algorithms in a scenario where there is minimal overlap
between the linguistic variables.

Table 2: Dimensions of the linguistic variables without high overlapping for both input and output

Input 1 (mm) Too short Short Moderate Long Too long

Dimension 0–246 227–287 250–750 736–790 774–1000

Input 2 (mm) Far left Near left Exact Near right Far right

Dimension −750–−250 −375–−125 −250–250 125–375 250–750

Output (%) Noise Possible noise Possible object Object

Dimension 0–47.5 30–55 50–75 57.5–100

Figure 6: (Continued)
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Figure 6: Membership functions without high overlapping: (a) laser simulator logic (b) fuzzy logic

(b) With high overlapping between the linguistic variables

Table 3 depicts the dimensions of linguistic variables with high overlapping for both input and
output. It shows crisp inputs encompassing all potential input scenarios, along with crisp outputs
calculated using both fuzzy logic and laser simulator logic algorithms. The measurements of linguistic
variables are expressed in input units (mm) and output (percentage). Fig. 7a,b illustrates the high
overlapping among the values of linguistic variables in the implementation of both fuzzy logic and
laser simulator logic algorithms.

Table 3: Dimensions of the linguistic variables with high overlapping for both input and output

Input 1 (mm) Too short Short Moderate Long Too long

Dimension 0–250 225–300 240–800 725–755 750–1000

Input 2 (mm) Far left Near left Exact Near right Far right

Dimension −750–−250 −375–125 −490–510 125–375 250–750

Output (%) Noise Possible noise Possible object Object

Dimension 0–50 30–55 45–70 50–100
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The laser simulator logic and fuzzy logic rules are applied to categorize objects based on their
distance and length measurements. The input fuzzy sets consist of the distance of the tags from the
reader {too short, short, moderate, long, too long}, the length of the conveyor belt {far left, near left,
exact, near right, far right}, and the output decision {noise, possible noise, possible object, object}.

The rules outline the connection between the input linguistic variables (distance and length) and
the output (decision). The selection of rules for laser simulator logic and fuzzy logic is based on Fig. 5:

1. If distance is too short and length is far left, then decision is noise.
2. If distance is short and length is near left, then decision is possible noise.
3. If distance is short and length is exact, then decision is possible object.
4. If distance is moderate and length is exact, then decision is object.
5. If distance is long and length is near right, then decision is possible noise.
6. If distance is too long and length is far right, then decision is noise.

Figure 7: (Continued)
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Figure 7: Membership functions with high overlapping: (a) laser simulator logic (b) fuzzy logic

2.2 Simulation of a Smart Checkout System

This study utilizes MATLAB software to simulate the operations of the smart checkout system
before proceeding with the development of a physical prototype. The objective is to gain a thorough
understanding of the operational dynamics of the entire checkout process within a simulated setting.
Furthermore, it will also include the development of the laser simulator logic algorithm to address
system noise and errors, aiming to replicate the diverse components and interactions inherent in a
checkout system. The simulation encompassed critical key components such as the distance between
tags and the RFID reader, along with the length of the conveyor belt as input parameters. Each of these
components will be coded and integrated within the MATLAB platform to construct a comprehensive
simulation of the entire checkout system.

2.2.1 Simulation Setup

To start, the simulation models the arrival of customers with their items at the checkout counter.
The program generates a varying number of items on the conveyor belt, similar to what customers
experience when placing their items on the moving conveyor belt. The simulation models an RFID
device by sending a series of radio waves to scan the items, where the program reads and identifies each
item using RFID tags. The program categorizes the detected tags into two types: desired, or undesired
(noise) items. The decision-making process of identifying which tags are recognised and which ones
are not employs the fuzzy logic method. As a result, only the items present in an AI basket within
the scanning area will be detected and processed by the system. Any items outside of this area will be
considered noise or errors and will not be recognised or included in the system’s output.

In summary, the developed simulation in MATLAB software provides a comprehensive represen-
tation of a checkout system, as shown in the results section. By replicating the various components
and interactions involved in a checkout process, the simulation enhances understanding and provides
valuable insights into the inner workings of such systems. Fig. 8 demonstrates the simulation of an
RFID-based checkout system, which includes a conveyor, two barriers, and a single reader with
five tags.
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Figure 8: Simulation of the proposed RFID checkout system using a conveyor, two barriers, and one
reader with five tags

2.2.2 Simulation Results

In the simulation, the results are obtained in three stages, as depicted in Fig. 9. In the initial stage,
the tags of unscanned items are marked in green, as shown in Fig. 9a. This signifies that these items
have not been detected by the RFID system. In the second stage, RFID waves are emitted and scan
the tags, resulting in all tags within range being marked in red, as shown in Fig. 9b. This includes items
that are not on the conveyor belt and are causing interference to the system, leading to detection errors.
In the final stage, the laser simulator logic algorithm is applied, acting as an AI basket to categorize
objects as either desired or undesired (noise) objects. The desired objects remain marked in red, while
noise objects are once again marked in green, as shown in Fig. 9c. This aids in distinguishing between
items that should be scanned and those that should be disregarded by the system.

Figure 9: (Continued)
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Figure 9: Status of checkout system: (a) Checkout system before wave RFID generation (b) Checkout
system after wave generation and before laser simulator logic system (c) Checkout system after laser
simulator logic system

Table 4 compares the decision-making process between fuzzy logic and laser simulator logic in
scenarios with low overlapping between linguistic variables. It covers a broad spectrum of crisp inputs
chosen to encompass all possible input scenarios. The crisp outputs are calculated using both fuzzy
logic and laser simulator logic algorithms memberships and rules, as detailed in Section 2.

Table 4: Crisp inputs with corresponding outputs without high overlapping between the linguistic
variables

Crisp input
(distance) mm

Crisp input
(length) mm

Output crisp
(decision) fuzzy
logic

Output crisp
(decision) LSL

Real decision

33.3 −545 43.8 (x) 39.6 (x) Noise
123 −500 43.8 (x) 38.2 (x) Noise
209 −418 43.8 (x) 39.3 (x) Noise
233 −245 54.3 (x) 36.8 (√) Possible noise
257 −250 52.5 (x) 38.6 (√) Possible noise
270 −236 59.3 (x) 56.4 (x) Possible noise
252 109 63 (√) 59.5 (√) Possible object
264 81.8 65.2 (√) 62.3 (√) Possible object
306 9.09 78.7 (√) 75.1 (√) Object
318 155 78.7 (√) 76.3 (√) Object
500 0 78.7 (√) 76.8 (√) Object
458 −63.6 78.7 (√) 77.4 (√) Object
748 164 44.3 (√) 45.2 (√) Possible object
785 200 52.5 (x) 43.6 (√) Possible object
742 236 50.2 (√) 58.6 (√) Possible noise

(Continued)
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Table 4 (continued)

Crisp input
(distance) mm

Crisp input
(length) mm

Output crisp
(decision) fuzzy
logic

Output crisp
(decision) LSL

Real decision

755 264 42.5 (√) 40.1 (√) Possible noise
763 250 42.5 (√) 44.2 (√) Possible noise
887 500 43.8 (x) 34.5 (√) Noise
918 600 43.8 (x) 46.7 (x) Noise
936 664 43.8 (x) 45.2 (x) Noise

Both fuzzy logic and laser simulator algorithms were compared with the actual real decision,
as summarised in Table 4. It is evident that fuzzy logic has inaccurately determined the correct
decision in 9 out of 20 cases, resulting in a 45% error rate. This can be attributed to the low overlap
between linguistic variables and the significant noise affecting the RFID system. Conversely, laser
simulator logic has made incorrect decisions in 7 out of 20 cases, yielding a 35% error rate, also due
to the consideration of low overlap between linguistic variables. In scenarios involving noise-related
decisions, both fuzzy logic and laser simulator logic exhibit vulnerabilities, with laser simulator logic
demonstrating superior performance.

Table 5 compares the decision-making process between fuzzy logic and laser simulator logic in
scenarios with high overlapping between linguistic variables. It encompasses a broad range of crisp
inputs specifically chosen to incorporate all possible input scenarios in a high overlapping case. Similar
to Table 4, the crisp outputs are computed using both fuzzy logic and laser simulator logic algorithms’
memberships and rules, as detailed in Section 2, with the real decisions listed in the last column.

Table 5: Crisp inputs with corresponding outputs with high overlapping between their linguistic
variables

Crisp input
(distance) mm

Crisp input
(length) mm

Output crisp
(decision) fuzzy
logic %

Output crisp
(decision) LSL %

Real decision

81.8 −627 45 (x) 22.5 (√) Noise
125 −500 35 (x) 26.1 (√) Noise
136 −464 39.8 (x) 32.6 (√) Noise
106 −327 53.7 (x) 44.5 (√) Possible noise
130 −273 56.1 (x) 55.7 (x) Possible noise
262.5 −250 61.5 (x) 52.3 (√) Possible noise
276 −373 45.2 (√) 46.8 (√) Possible noise
670 300 65.5 (x) 56.9 (√) Possible object
615 345 54.2 (√) 53.2 (√) Possible object
500 9.09 76.4 (x) 68.4 (√) Object

(Continued)
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Table 5 (continued)

Crisp input
(distance) mm

Crisp input
(length) mm

Output crisp
(decision) fuzzy
logic %

Output crisp
(decision) LSL %

Real decision

520 10 66.4 (√) 69.1 (√) Object
573 173 65.3 (√) 66.3 (√) Object
658 136 76c (x) 67.5 (√) Object
561 −155 65.9 (√) 63.4 (√) Possible object
603 −309 57.2 (√) 56.1 (√) Possible object
733 291 65.8 (x) 53.2 (√) Possible noise
740 250 62.1 (x) 64.6 (x) Possible noise
755 382 44.2 (√) 43.6 (√) Possible noise
773 591 43.8 (x) 35.6 (√) Noise
875 500 46.9 (x) 28.4 (√) Noise

From Table 5, it is evident that fuzzy logic has made incorrect decisions in 13 out of 20 cases,
resulting in a 65% error rate. This is attributed to fuzzy logic’s inability to handle high overlap between
linguistic variables. In contrast, laser simulator logic has only failed in 2 out of 20 cases, with a 10%
error rate, showcasing its capability to manage high overlap between linguistic variables effectively.
Therefore, it can be concluded that the laser simulator is highly effective in eliminating noise in the
checkout RFID system.

2.3 Experimental Work for Smart Checkout System

A small-scale prototype has been developed to test the proposed noise removal with the RFID
system. In this experimental work, the focus will solely be on the high overlapping case using laser
simulator logic, as it shows promising results compared to fuzzy logic as discussed in Section 2.2.2.
This prototype, named AI RFID basket, will be compared with a standard RFID basket as outlined
below:

2.3.1 Experimental Setup of Smart Checkout System

The experimental setup for this study comprises three main components: an Arduino board, an
RFID reader, and RFID tags. The Arduino board serves as the microcontroller platform, responsible
for controlling and coordinating the various components of the system. It is connected to a computer
via a USB cable for programming and power supply purposes. The RFID reader is utilized to scan the
unique identification codes stored on the RFID tags attached to the items being processed at checkout.
This module is linked to the Arduino board through digital pins, as shown in Fig. 10.

The Arduino Integrated Development Environment (IDE) is utilized to develop the RFID
program on a computer. This software application enables the creation, debugging, and uploading of
sketches (programs) to an Arduino board. To create the RFID program, a suitable is selected within the
Arduino IDE. This sketch includes the essential code for interfacing with the RFID reader module and
reading the unique identification codes stored on the RFID tags. Subsequently, the sketch is compiled
and uploaded to the Arduino board via a USB cable that connects both the computer and the board.
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Figure 10: Experimental setup: (a) Components of the experimental work (b) Connection of the
Arduino Uno to the reader and computer

Fig. 11a shows an RFID reader integrated with an AI basket prototype. The results of the RFID
reading process can be monitored by accessing the serial monitor within the Arduino IDE. In this
setup, it displays information related to any detected RFID tag when identified by the RFID reader
module. During the testing the prototype system, an RFID tag or card is positioned near the RFID
reader. In this experimental configuration, RFID tags are used to represent items, as depicted in
Fig. 11b. Upon tag detection, the Arduino processes the data, which can then be viewed through the
serial monitor.

Figure 11: RFID system (a) RFID reader integrated with an AI basket prototype (b) RFID tags that
represent items
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2.3.2 Experiments Results

In the third scenario, both tags were located outside of the AI basket, and neither of them could
be reliably detected by the reader due to their distances falling beyond the reader’s range for accurate
detection, as depicted in Fig. 12.

Figure 12: Tag placement in AI basket: (a) Both tags placed inside the AI basket (b) One tag inside,
and one tag outside the AI basket (c) Both tags outside the AI basket

After setting up and connecting the system, two tags were employed to examine the proposed
smart RFID system in item detection. Throughout the experimental phase, three distinct situations
were encountered.

– In the first scenario, both tags were placed inside an AI basket that was positioned close to
the RFID reader. The RFID reader was able to successfully read both tags in this scenario, as
shown in Fig. 12a.

– In the second scenario, one tag was inside the AI basket while the other tag was positioned
outside of it. The tag inside the AI basket could be read by the RFID reader, but the tag outside
the AI basket may not have been within the reader’s detection range, as illustrated in Fig. 12b.

– In the third scenario, both tags were located outside of the AI basket, and neither of them could
be reliably detected by the reader due to their distances falling beyond the reader’s range for
accurate detection, as depicted in Fig. 12c.

The evaluation of the laser simulator logic algorithm in the AI basket is conducted as follows:

The positions of the tags are depicted in Fig. 13, with their locations denoted in terms of (X,
Y)/(distance, length) coordinates, indicating the distance from the RFID reader and the length of the
conveyor belt in millimetres (mm). These coordinates provide an accurate representation of the tags’
specific locations relative to the RFID reader and AI basket.

In the first scenario, the tags are positioned within the AI basket area, which is located within a
range of 55 mm from the RFID reader and at a length of 150 mm. Six experiments have been conducted
for the smart RFID system with two tags, resulting in a total of 12 readings. Various positions for
the two tags within different RFID reader ranges and lengths have been tested, as shown in Table 6.
These locations were chosen to encompass all possible tag positions within AI basket, allowing for the
evaluation of the proposed system under various conditions.
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Figure 13: Positions of the tags in terms of (X, Y)/(length, distance)

Table 6: The result of experiments in the 1st scenario (both objects are inside of AI basket)

No.
experiment

Tag Distance (x)
mm

Length (y)
mm

Noise Possible
noise

Possible
object

Object

Exp. 1 1st 47 78 No No No Yes
2nd 53 82 No No No Yes

Exp. 2 1st 4 104 No No No Yes
2nd 9 15 No No Yes No

Exp. 3 1st 13 52 No No No Yes
2nd 19 134 No No No Yes

Exp. 4 1st 23 92 No No No Yes
2nd 28 46 No No No Yes

Exp. 5 1st 32 112 No No No Yes
2nd 39 32 No No No Yes

Exp. 6 1st 43 64 No No No Yes
2nd 50 150 No Yes No No

Table 6 displays the results of the tag readings by the RFID reader in the 1st scenario.

According to Table 6, it is evident that the RFID reader has successfully read the tags within the
AI basket area in 10 out of 12 total readings, achieving a success rate of 83%. Due to their positions,
two recording errors occurred when the tags are positioned at the border of AI basket, near the side
of the reader (resulting in a possible object decision), and at the opposite border, far from the reader’s
side, where they are classified as noise.

Similarly, in the second scenario, six experiments were conducted to assess the locations of the
two tags, with one indie and the other outside of the AI basket. A total of 12 readings for the two tags
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were recorded and analyzed, as presented in Table 7. The tag locations encompassed a wide ranges of
distances and lengths from the reader.

Table 7: The result of experiments for the 2nd scenario (one object inside and another outside of AI
basket)

No.
experiment

Tag Distance (x)
mm

Length (y)
mm

Noise Possible
noise

Possible
object

Object

Exp. 1 1st 55 75 No No No Yes
2nd 81 27 No No Yes No

Exp. 2 1st 100 104 Yes No No No
2nd 44 182 Yes No No No

Exp. 3 1st 35 115 No No No Yes
2nd 58 143 No Yes No No

Exp. 4 1st 26 96 No No No Yes
2nd 77 121 Yes No No No

Exp. 5 1st 31 89 No No No Yes
2nd 65 132 Yes No No No

Exp. 6 1st 41 84 No No No Yes
2nd 55 150 Yes No No No

In Table 7, the correct classification of tags into either objects or noise is achieved in approximately
11 out of 12, resulting in a success rate of 91%. It is noted that in experiment 3, the decision for the
2nd tag is possible noise, which can be identified as noise. However, an incorrect decision occurred
with the 2nd tag in the first experiment, where it was classified as a possible object instead of noise or
potential noise.

The third scenario is performed to evalaute the capability of the system to classify objects located
outside of the AI basket. Six experiments were conducted with numerous values for reader range and
length, and the results presented in Table 8.

Table 8: The result of experiments in 3rd scenario (both objects are outside of AI basket)

No. experiment Tag Input of AI basket Decision taken by AI basket
Distance (x)
mm

Length (y)
mm

Noise Possible
noise

Possible
object

Object

Exp. 1 1st 95 100 Yes No No No
2nd 85 45 No Yes No No

Exp. 2 1st 60 152 No Yes No No
2nd 72 165 Yes No No No

Exp. 3 1st 90 183 Yes No No No
2nd 100 177 No No No No

Exp. 4 1st 125 162 Yes No No No

(Continued)
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Table 8 (continued)

No. experiment Tag Input of AI basket Decision taken by AI basket
Distance (x)
mm

Length (y)
mm

Noise Possible
noise

Possible
object

Object

2nd 64 188 No Yes No No
Exp. 5 1st 114 202 Yes No No No

2nd 57 158 No No Yes No
Exp. 6 1st 113 192 Yes No No No

2nd 200 200 Yes No No No

As shown in Table 8, the system demonstrated correct classification in 11 out of 12 instances,
achieving a success rate of 91%. The possible noise decision is considered correct, as it is approximately
noise. However, an incorrect decision occurred with the 2nd tag in experiment 3, where the distance
and length were at the borders of the AI basket.

Observations from Tables 6–8 indicates that the accuracy of the system improves when the tag
location is further from reader, or not at the border of AI basket. This explains why the success rate in
Table 6 is lower compared to Tables 7 and 8. Consequently, the average success rate for all experiments
across all these three tables is calculated at 88%.

3 Conclusion

The integration of RFID technology and the Improved Laser Simulator Logic (ILSL) algorithm
in the development of a smart checkout system has significantly enhanced the retail stores checkout
counters. This innovative solution has addressed the challenges of errors, noise, and inefficiencies
associated with conventional checkout processes. The real-time identification and tracking of items
through RFID technology can minimize manual entry errors and barcode scanning time. The rapid
and seamless item detection using RFID tags attached to products can lead to a more streamlined and
efficient checkout experience for both customers and employees. The accuracy of the proposed smart
RFID system for item detection has been validated through simulation and experimental tests using
MATLAB and a small-scale prototype, ensuring that the relevant items are distinguished from other
non-relevant objects. The decision-making process is facilitated by a novel algorithm called improved
laser simulator logic, which enables the system to accurately recognize and process the items within
the AI basket. In conclusion, the smart checkout system utilyzing RFID technology and the improved
laser simulator logic algorithm has the potential to transform the retail stores checkout process by
enhancing efficiency, accuracy, and convenience for both customers and businesses. The success of
these proposed smart checkout system demonstrates the potential for RFID-based smart checkout
systems to improve the overall shopping experience and address the challenges faced by traditional
barcode and existing RFID-based systems.
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