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A B S T R A C T

In the early stage of harvesting, transportation, and storage, the grain could be mingled with clods from the
field, metal pieces from aging machines, and other objects of foreign material, which will greatly influence
the grain quality and food security. In this paper, we propose a novel radio frequency (RF) sensing system
termed TagSee, which utilizes passive RFID tag arrays to sense the objects buried in wheat. The goal is to
simultaneously sense the presence of foreign materials, locate their locations in the 3D space and sense their
types, to automatically monitor the stored grain. Specifically, we use RFID received signal strength (RSS) and
phase as features for foreign material detection. To design the TagSee system, we first introduce a sensing space
division method. Then, an Euclidean Distance Ratio (EDR) algorithm and a heuristic method are proposed to
achieve high localization success accuracy. A multi-class SVM method is used to sense different materials
properties based on the impact of different foreign materials on signal features. Experimental results show
that TagSee can effectively detect foreign materials in stored grain and achieve a centimeter-level localization
success accuracy, and can recognize four types of objects in grain.
1. Introduction

As the rapid increase of global population, the demand for food
will be doubled by year 2050 [1]. Grain quality is one of the key
indicators related to food security. Through the stages of grain har-
vesting, transportation, and storage, the grain could be contaminated
by foreign materials such as clod and rock from the field, metal
and rubber pieces from various equipment due to aging, which will
greatly affect the grain quality. Generally, the foreign materials are
manually sorted by farmers in the early stage of grain harvest, which is
time-consuming and laborious. Recently, radio frequency identification
(RFID) based radio frequency (RF) sensing has attracted great attention
due to the low cost, easy deployment, and high sensing accuracy.
Successful applications of RFID-based sensing include indoor scene
sensing and localization [2–5], material identification [6,7], human
pose monitoring [8–10], moisture sensing [11,12], and human vital
sign monitoring [13]. Inspired by the above applications, we propose
TagSee for simultaneous detection and localizing foreign material in
stored gain using commercial off-the-shelf (COTS) RFID devices. The
goal is to quickly identify foreign materials and remove them from
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stored grain. TagSee utilizes the phase and received signal strength
(RSS) data from RFID signals that propagate through the grain for ma-
terial identification and localization. Both phase and RSS are provided
by many commodity RFID devices. TagSee works well with a small
8 MHz bandwidth. Specifically, TagSee design is motivated by the key
observation that the multi-path propagation and absorption effects on the
RSS and phase of received RFID signal will be affected by the presence
of foreign materials in wheat. More important, different materials have
varying effects on RFID signals. Therefore, the changes of RFID signals
may reflect the properties of the foreign materials. Besides, the presence
of foreign materials will produce multi-path effects, and the received
signal is actually the result of the superposition of multiple signals,
which is related to the distance. According to the electromagnetic wave
theory, when the wireless signal encounters a foreign material, some
signals are reflected and refracted, while the others are absorbed by the
material. Thus, the received signal will vary with different absorption
rates, which is greatly related to material properties. This feature will
be exploited for foreign material classification in TagSee system.

In particular, wheat is considered as a sensing medium that can
be penetrated by electromagnetic waves, while common static foreign
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Fig. 1. Sense foreign materials using RFID tag arrays in NLOS.

materials in wheat (e.g., screws, clods, etc.) are used as sensing targets
without tag attached on. The proposed TagSee system consists of three
steps. The first step is to sense the foreign materials for the presence
in medium. The second is to sense the locations of foreign materials in
space (i.e., a three-dimensional space). The third is to sense the types
of foreign materials in medium. The schematic diagram of the system
is shown in Fig. 1. Tag arrays are deployed on the sensing area, and the
space is filled with wheat medium. The medium can be penetrated by
wireless signals to ensure that foreign materials can be sensed. Two
reading antennas are deployed vertically above each of the two tag
arrays. This sensing scheme can be also applied to other penetrable
medium (e.g., liquid, soil and other grain).

To sum up, some RFID based sensing technologies use coarse-
grained RSS to sense moving target [4,14,15], and some put the tags
on the targets to sense them when they are in Line Of Sight (LOS)
scene [16–20]. However, in many applications, the sensing targets are
unknown and invisible, i.e., whether a target existing is unknown, and
its location and properties are also unknown in Non Line Of Sight
(NLOS), which poses a big challenge. This paper proposes a contactless
method to sense the location and types of multiple unknown targets
when the targets are buried in the medium with NLOS.

The main contributions of this work are summarize in the following.

• To the best of our knowledge, the proposed TagSee system is
the first contactless system to simultaneously locate foreign ma-
terials and sense their properties with cheap COTS RFID de-
vices. More important, TagSee can sense static targets without
tags be attached on, even when the targets are unknown in
non-line-of-sight (NLOS) scenarios.

• In NLOS scenarios, TagSee uses two tag arrays to achieve effective
detection of foreign materials. Specifically, we propose a novel
Euclidean Distance Ratio (EDR) algorithm and a heuristic method
to achieve higher localization success accuracy.

• We develop a prototype of TagSee to verify the effectiveness
of the proposed approach. The experimental results demonstrate
that TagSee can effectively detect foreign objects and achieve a
centimeter-level location success accuracy.

The remainder of this paper is organized as follows. We present
the related work in Section 2, and preliminaries study in Section 3.
Section 4 introduces the design of the TagSee system. Section 5 presents
the experimental evaluation of TagSee. Conclusions are drawn in Sec-
tion 6.

2. Related work

The existing foreign materials detection methods generally include
ultrasonic detection [21,22], optical detection [23,24], nuclear detec-
tion [25,26], and electromagnetic wave detection [27,28]. For the
30
ultrasonic detection methods, they have the advantages of stronger
ability to penetrate material, and it is easy to achieve an automatic
detection. However, these methods need couplant, which will pollute
the detection sample. Optical detection methods (e.g., X-ray) can per-
form nondestructive detecting on the internal structure and defects of
targets, and are widely used in many applications. While the special
detection equipment could achieve the detection purpose, the equip-
ment is expensive and difficult to be deployed. The advantage of
the nuclear methods is that the detection depth is greater. However,
these methods require strict protective measures, and the equipment
is complex and costly, which cannot meet the requirements for online
detection. The electromagnetic wave methods have the advantages of
flexible, fast and high accuracy, which is one of the most promising
detection technologies with non-destructive and non-contact. They also
have been used in many application devices, but this kind of equipment
is very expensive, bulky, inconvenient to be deployed, and difficult to
be applied on a large scale.

Radio Frequency (RF) such as radar and Wi-Fi is a type of wireless
sensing technologies widely used in Internet of Things (IoT) [29,30].
Among RF sensing technologies, Radio Frequency Identification (RFID),
as one of the key technologies in the field of IoT, becomes an important
wireless sensing method due to its low cost, easy deployment, and
high sensing accuracy. RFID has been used in indoor scene sensing and
localization [2,31–35], material identification [6,7,36], human body
monitoring [16,19,20,37], moisture sensing [11,12,38] and other IoT
fields [39–45].

Specifically, RFID tags have been used for location [5] and material
identification [6] related to our work. For indoor scene sensing, some
systems use Received Signal Strength (RSS) as a feature to achieve
a coarse-grained indoor localization. The LANDMARC system [3] and
the work [46] show that RFID is a viable and cost-effective candidate
for indoor location sensing, both of which use RSS as the feature to
estimate the location by active RFID tag. The works [4,33] employ
passive RFID to achieve a real-time RFID-based location system and
indoor symbolic localization, respectively. GSOS-ELM [47] introduces
an RFID indoor positioning algorithm based on the Glowworm Swarm
Optimization (GSO) with a semi-supervised online sequential extreme
learning machine (SOS-ELM). However, the above all technologies
locate the targets by using the RSS feature, which is a coarse grain
feature that cannot be used to identify materials inside the medium.
Moreover, the works [3,46] use active RFID tags for sensing, which
increases the difficulty of the deployment. By contrast, the phase as a
fine-grained sensing feature, is used for more accurate positioning. The
works [48,49] both use phase difference to achieve better accuracy,
while [48] proposes a fast approach for dynamic object localization
based on the fusion of the RFID phase and the laser information.
Also, [49,50] propose a 3-D localization scheme based on phase, which
both achieve a relatively satisfactory accuracy. The above works all
attach the tags to the target to estimate its location. However, the
robustness of these systems are challenged due to the sensitivity of the
phase to the environment.

For material identification, the works [6,7,51] use phase difference
as a main feature to identify material types when a tag is attached on
the target. Work [51] proposes a Reflected Amplitude Feature(RAF)
method to sense four types of material with the best accuracy of
95%, and the work [7] employs a Dynamic Time Warping (DTW)
algorithm [52] to identify the material type by evaluating the similarity
of the estimated material pattern with those material patterns in the
database. More importantly, the work [6] uses both RSS and phase to
identify the types of material, which is related to our work. However,
for the above works, the tag must be attached on the target when
system is working, and it can only identify the liquid (e.g., milk, soil
and water). Moreover, most of the above works take the moving objects
as sensing targets, for RFID signal are sensitive to moving objects, and

are not so effective for the static objects (e.g., wheat foreign materials).
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In this paper, we design TagSee, a system that can identify the
foreign material types and position simultaneously with cheap COTS
RFID devices, which can help people quickly find foreign material and
remove them in NLOS environment. Unlike existing systems that attach
tag to the target by extracting the reflectivity and permeability param-
eters for sensing the target, TagSee exploits the phase and RSS changes
when the signal penetrates inside a target for material identification
and localization. We believe this work introduces a new direction for
performing material identification and localization with COTS RFID
devices.

3. Preliminaries study

3.1. RSS based sensing

For a wireless electromagnetic environment in the free space, the
RSS of RFID Tag is expressed by Eq. (1),

𝑃𝑅 = 𝑃𝑇 (
𝜆 2
√

𝐺𝑅
2
√

𝐺𝑇

4𝜋𝑑
)2, (1)

where 𝑃𝑅 and 𝑃𝑇 represent the powers of the receiver and the transmit-
ter, respectively, 𝐺𝑅 and 𝐺𝑇 represent the antenna gains of the receiver
and the transmitter, respectively, and 𝑑 represents the distance between
the receiver and the transmitter. According to Eq. (1), the power of the
receiver depends on the distance 𝑑 if the transmission power and the
ntenna gain are constants. Thus, the distance 𝑑 is one of the factors
hat affect RSS. In addition, we use Eq. (2) to express RSS in the wheat
hen there is no foreign material as following,

𝑆𝑆(𝑑) = 𝑅𝑆𝑆(𝑑0) − 10 × 𝛾 × 𝑙𝑜𝑔10(
𝑑
𝑑0

) + 𝑆0,𝜎 , (2)

where 𝑅𝑆𝑆(𝑑) represents 𝑅𝑆𝑆 (with the unit of decibel) with the signal
propagation distance from tag to receiver antenna, 𝑑0 denotes vertical
distance which is the shortest distance between tag and receiver in
this system, and 𝑅𝑆𝑆(𝑑0) represents 𝑅𝑆𝑆 when the distance is 𝑑0,
which is a constant. 𝛾 represents the path loss factor (0 < 𝛾 < 1). 𝑆0,𝜎
epresents Gaussian noise (e.g., the mean value is 0, and the variance
s 𝜎). The RSS difference method is used to eliminate Gaussian noise.
he propagation path of the signal is defined as 𝑑′ when there is
oreign material in wheat, and 𝑑′ represents the superimposed path of
he signal after being interfered by foreign material. Then, 𝛥𝑅𝑆𝑆 is

expressed by,

𝛥𝑅𝑆𝑆 = 𝑅𝑆𝑆(𝑑) − 𝑅𝑆𝑆(𝑑′) (3)

= 10 ∗ 𝛾𝑙𝑜𝑔10(
𝑑′

𝑑
). (4)

Eq. (3) shows that 𝑅𝑆𝑆 is related to the distance 𝑑′ and 𝑑. Recall
that 𝑑′ and 𝑑 represent the signal propagation path with and without
foreign material in wheat, respectively. 𝑑′

𝑑 should be 1 if foreign
material does not affect the propagation path of the signal, and 𝛥𝑅𝑆𝑆
should be 0. However, the observation shows 𝛥𝑅𝑆𝑆 is a number greater
than zero. Thus, we can conclude that 𝑑′ > 𝑑, i.e. foreign material
indeed changes the propagation path of the tag signal, which is the
reason why we can used 𝑅𝑆𝑆 to sense foreign material.

We conduct the experiment to show how 𝛥𝑅𝑆𝑆 changes by the
object, where the object is placed between tag and RFID antenna, and
the object is moved away from tag by step. We observe the RSS changes
and Fig. 2 illustrates how the 𝑅𝑆𝑆 changes with the distance from tag
to object. The results indirectly show that the RSS is changed by the
superimposed the 𝑑′.

In addition, for the object with high absorptivity, part of the signal
is absorbed by material and lost in the form of heat, which also
causes 𝑅𝑆𝑆 changes. Thus, 𝑅𝑆𝑆 is one feature can be used for sensing
material in wheat. Moreover, we will discuss the other feature that can
be also used in sensing foreign material, which is a fine-grained feature
phase.
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Fig. 2. 𝛥𝑅𝑆𝑆 varies with the distance from tag to object.

Fig. 3. 𝛥𝜃 varies with the distance from tag to object.

3.2. Phase based sensing

Let 𝜆 represent the wavelength of signal in medium. Then the phase
can be expressed as the following Eq. (5),

(𝑑) = ( 2𝜋
𝜆

× 2𝑑 + 𝜃𝑇 + 𝜃𝑅 + 𝜃𝑇 𝑎𝑔)𝑚𝑜𝑑2𝜋, (5)

here 𝜃𝑇 , 𝜃𝑅, and 𝜃𝑇 𝑎𝑔 represent the phase intrinsic offsets caused
y back-scattering of the transmitting antenna, the receiving antenna,
nd the RFID tag, respectively [6]. These offsets will be different
or different hardware, but they will not change with the distance 𝑑
n indoor environment. Therefore, they can be eliminated by phase
ifference as Eq. (6),

𝜃 = 𝜃(𝑑) − 𝜃(𝑑′) (6)

= 2𝜋
𝜆

× 2𝛥𝑑 + 2𝑘𝜋, (7)

here 𝛥𝑑 = 𝑑 − 𝑑′, 𝑘 represents an integer, 𝜃(𝑑) and 𝜃(𝑑′) represent
hases with and without foreign material, respectively. If the foreign
aterial does not change the path of the tag signal, i.e. 𝑑′ = 𝑑, there

should be 𝛥𝜃 = 0 or 𝛥𝜃 = 2𝑘𝜋. We conduct the same experiment as
Section 3.1, and Fig. 3 also supports the above ideas that the phase can
be used to sense the foreign materials because the propagation path 𝑑′

is changed by the foreign materials.
Figs. 2 and 3 illustrated that both 𝑅𝑆𝑆 and 𝜃 are changed by the
object in sensing space, and they are related with the object’s position.
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Fig. 4. tag A is fixed, tag B moves along X and Y axis respectively.

In addition, the material properties (absorptivity and reflectivity) also
affect propagation path of tag signal, which is a complex physical
process that is difficult to be expressed by a mathematical model. Thus,
machine learning methods are considered to sense material properties,
which will be presented in Section 4.4.

3.3. Electromagnetic coupling between RFID tags

Electromagnetic coupling is also called mutual inductance coupling.
The current change in a circuit will affect the other circuit due to
the mutual inductance coupling between the two circuits [53]. It is
concluded in [54] that when the tag spacing is less than 30 mm,
the derived mutual impedance expression is applied to the frequency
offset calculation with the error range in 1.6 MHz–7.3 MHz. Also, the
authors [55] consider that the coupling effect has a greater impact on
the phase measurement when the distance between two tags is less than
40 cm.

For TagSee, the location success accuracy will be influenced if the
RFID tags are too far apart, while the performance of the system will de-
cline if the spacing between two tags are too small due to the coupling.
In other words, the deployment distance of tags cannot be too dense
or too sparse. Thus, there should be an optimal deployment scheme,
which enables TagSee to maximize the recognition accuracy while
maintaining its performance. To verify the coupling effect between two
tags, the following experiments are conducted, as shown in Fig. 4.

First, we put RFID 𝑇 𝑎𝑔𝐴 and 𝑇 𝑎𝑔𝐵 together. Fixing 𝑇 𝑎𝑔𝐴, we move
𝑇 𝑎𝑔𝐵 along the 𝑋 axis and 𝑌 axis, respectively, while recording the
changes in the feature vectors (𝑅𝑆𝑆, 𝜃) of 𝑇 𝑎𝑔𝐴 and 𝑇 𝑎𝑔𝐵 with the
increase distance from 0 cm to 31 cm. Fig. 4 shows the direction of the
movement of the 𝑇 𝑎𝑔𝐵 , where 𝑇 𝑎𝑔′𝐵 and 𝑇 𝑎𝑔′′𝐵 represent two different
movement directions for 𝑇 𝑎𝑔𝐵 , respectively.

As deployed in Fig. 4, the changes of 𝑅𝑆𝑆 and 𝜃 for 𝑇 𝑎𝑔𝐴 and 𝑇 𝑎𝑔𝐵
are recorded as 𝑇 𝑎𝑔𝐵 is moving. Also, Fig. 5(a) and Fig. 5(b) show
that 𝑅𝑆𝑆 and phase 𝜃 of 𝑇 𝑎𝑔𝐴 vary with the movement of 𝑇 𝑎𝑔𝐵 . For
phase 𝜃, the effect of the coupling on 𝑇 𝑎𝑔𝐴 almost disappears when
𝑇 𝑎𝑔𝐵 moves to 24 cm along 𝑋 axis, and 18 cm along the 𝑌 axis,
respectively. For 𝑅𝑆𝑆, the effect of coupling on 𝑇 𝑎𝑔𝐴 almost disappears
when 𝑇 𝑎𝑔𝐵 moves to 22 cm along 𝑋 axis, and 17 cm along the 𝑌
axis, respectively. In Table 1, to reduce the impact of electromagnetic
coupling on the system, the spacing between tags along 𝑋 and 𝑌 axes
should be greater than the minimum uncoupling-distance. The above
conclusion is utilized as benchmark to deploy the tag arrays with proper
distances. It will help design a more reasonable tag array in the latter
section.
32
Fig. 5. 𝑅𝑆𝑆 and 𝜃 from 𝑇 𝑎𝑔𝐴 keep unchanged when 𝑇 𝑎𝑔𝐵 moves far away.

Table 1
The minimum distance of tag non-coupling effect in
two directions.
Minimum uncoupling-distance

X-axis direction Y-axis direction
24 cm 18 cm
22 cm 17 cm

3.4. Influence of multi-path

According to the electromagnetic wave theory, when the signal
passes through two different medium, it will reflect and refract at the
interface between the two medium. Because the properties of foreign
materials are different from the medium, the signal transmission mode
will change at their interface, resulting in multi-path phenomenon.
Thus, the multi-path is the result of multiple transmissions and re-
flections of signals in space. Although the multi-path in some works
(e.g., [6,56]) is regarded as the noise or the interference, for this work,
in the internal sensing space, the multi-path occurred in medium is due
to the presence of foreign materials. Specifically, for the presence of
foreign materials, the multi-path occurs inside the medium, including
signal reflection, transmission, refraction, etc. Thus, the feature 𝑅𝑆𝑆
and 𝜃 of the signal will change. Based on the preliminary study in
the previous section, the multi-path occurred inside the medium can
be used to sense foreign materials. However, there is a multi-path
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Fig. 6. The sensing space is marked by a 3D grid according to the two tag arrays
deployed on the 𝑋𝑂𝑌 and 𝑋𝑂𝑍 plains.

occurred outside regarded as an interference signal, which affects the
performance of TagSee. It can be mitigated by adjusting the equip-
ment deployment and using the wave absorbing sponge, in which the
multi-path impact can be reduced.

4. TagSee system design

In order to sense foreign materials in NLOS scenarios, we first
mark the 3D sensing space by a 3D grid according to the two tag
arrays deployed on the sides of the 3D space. Then, a foreign material
detection and localization algorithm based on the concept of EDR will
be proposed. Then, a heuristic method will be used to re-locate the
foreign material if the EDR method fails. Finally, a multi-class SVM
method is used to sense the properties of the foreign materials.

4.1. Partition the sensing space

TagSee deploys multiple RFID tags in the two adjacent planes
(i.e., the 𝑋𝑂𝑌 plane and the 𝑋𝑂𝑍 plane) to form two tag arrays. As
shown in Figs. 6 and 7, the two tag arrays are deployed in plane 𝑋𝑂𝑌
and 𝑋𝑂𝑍 (the two sides of the 3D sensing space), respectively. Then
the internal region of the sensing space can be marked by a virtual
3D grid, while each grid point’s 3D coordinates are given by the 2D
coordinates of the corresponding tag on the 𝑋𝑂𝑌 plan and that on the
𝑋𝑂𝑍 plane. A foreign material’s location can be represented by the
nearest grid point in the 3D space.

As the example in Fig. 6 shows, a 4 × 3 tag array is deployed on
the 𝑋𝑂𝑌 plane and the other 4 × 3 tag array on the 𝑋𝑂𝑍 plane. Then
the 3D sensing space can be marked by a 4 × 3 × 3 grid. Let 𝑃 (𝑋, 𝑌 ,𝑍)
represent the 3𝐷 coordinate of a grid point (marked by the blue circles
in Fig. 6), and 𝑃𝑋𝑌 (𝑋, 𝑌 ) and 𝑃𝑋𝑍 (𝑋,𝑍) represent the 2𝐷 coordinates
of the deployed tags on the 𝑋𝑂𝑌 and 𝑋𝑂𝑍 planes, respectively. For
instance, the grid point 𝑃 (4, 2, 3) is determined by the tags at 𝑃𝑋𝑌 (4, 2)
and 𝑃𝑋𝑍 (4, 3). TagSee can locate foreign material by determining the
coordinates of the nearest grid point 𝑃 (𝑋, 𝑌 ,𝑍). Although the above
method can detect the spatial coordinates of the foreign material, the
localization accuracy is limited by the density of tags in the two arrays,
while the density may affect the electromagnetic coupling between the
tags. Due to the above limitations, Tagsee can only obtain the target’s
approximate location. We believe that it is sufficient for the sensing
system that we can still easily locate and remove objects in practice.
To quantify the accuracy of localization, we represent the localization
of foreign objects in the form of probability, which will be discussed in
Section 4.2.1.
33
Fig. 7. Project object onto the 𝑋𝑂𝑌 and 𝑋𝑂𝑍 planes using the EDR algorithm.

4.2. Sensing with the Euclidean distance ratio algorithm

The 𝑅𝑆𝑆 and phase 𝜃 from RFID tags are collected as features in
the form of vectors (𝑅𝑆𝑆, 𝜃) by TagSee. Both 𝑅𝑆𝑆 and 𝜃 are affected
by the distance 𝑑, foreign materials, as well as their properties. It has
been shown that the features are sufficiently sensitive to the foreign
material in preliminaries study section. In this section, we will show
that the feature vector (𝑅𝑆𝑆, 𝜃) can be used for sensing the location
and type of the foreign material using the proposed algorithm.

4.2.1. Design of the Euclidean distance ratio algorithm
When there is foreign material between the RFID tag and reader an-

tenna, its collected feature vector (𝑅𝑆𝑆, 𝜃) will be affected. We find that
the feature vector from a tag will have a larger change if the foreign
material is closer to the tag. More important, we leverage Euclidean
distance to measure the change of the feature vector before and after
foreign material are presence in sensing space. The distance between
two points of 𝑉1(𝑥1, 𝑦1, 𝑧1) and 𝑉2(𝑥2, 𝑦2, 𝑧2) in the 3D space is given by
𝑑𝐸𝑢 =

√

(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2 + (𝑧1 − 𝑧2)2. TagSee collects the feature
vectors (𝑅𝑆𝑆, 𝜃), with and without foreign material in the medium
(i.e., wheat), from a tag 𝑖, which are denoted by 𝑉0(𝑖)(𝑅𝑆𝑆_0, 𝜃_0) and
𝑉1(𝑖)(𝑅𝑆𝑆_𝑥, 𝜃_𝑥), respectively. We calculate the distance between two
vectors 𝑉0(𝑖) and 𝑉1(𝑖) as 𝑑𝐸𝑢(𝑉0(𝑖), 𝑉1(𝑖)), where 𝑑𝐸𝑢(⋅, ⋅) denotes the
Euclidean distance between two feature vectors. Therefore, we define
the Euclidean distance ratio (EDR) as follows,

𝐸𝐷𝑅(𝑖) =
𝑑𝐸𝑢(𝑉0(𝑖), 𝑉1(𝑖))

|

|

𝑉0(𝑖)||
(8)

=

√

(𝑅𝑆𝑆(𝑖)_𝑥 − 𝑅𝑆𝑆(𝑖)_0)2 + (𝜃(𝑖)_𝑥 − 𝜃(𝑖)_0)2
√

(𝑅𝑆𝑆(𝑖)_0)2 + (𝜃(𝑖)_0)2
, (9)

Then we can identify the tag 𝑗 with the largest EDR value.

tag(𝑗) = arg max
𝑖

{𝐸𝐷𝑅(𝑖)} ,∀𝑖, 𝑖 = 1,… , 𝑛. (10)

Theoretically, the value of 𝐸𝐷𝑅(𝑖) should be zero when there is no
foreign material in the wheat. Eq. (10) indicates that it is highly likely
that tag 𝑗 is the nearest one to the foreign material. By (8) and (10),
the foreign material in the wheat is projected on the tag location (𝑗)
whose 𝐸𝐷𝑅 is the largest.

Taking plane 𝑋𝑂𝑌 as an example, an array with 4 × 3 tags are
represented as tag 𝑖 (𝑖 = 1, 2,… , 12), as shown in Fig. 7. 𝑋1 represents
a foreign material in the space. We can project 𝑋1 onto the 𝑋𝑂𝑌 plane
using the EDR algorithm, by locating 𝑋1 at the grid point 𝑋′

1(4, 2, 1)
by (10), where the EDR value is the maximum. Similarly, we can
also project 𝑋1 onto the 𝑋𝑂𝑍 plane at the grid point 𝑋′′

1 (4, 1, 3),
which has the maximum EDR. In this way, the foreign material can
be projected onto the 𝑋𝑂𝑌 and 𝑋𝑂𝑍 planes at the closest tag using
the EDR algorithm. The accuracy of the object projection is presented
as a probability. For an 𝑀 ×𝑁 tag array, Eq. (11) and the matrix (12)
are used to express the location probability as the following.

𝑃𝑡𝑎𝑔(𝑖, 𝑗) =
𝐸𝐷𝑅(𝑖, 𝑗)

∑𝑀 ∑𝑁 , (11)

𝑖=1 𝑗=1 𝐸𝐷𝑅(𝑖, 𝑗)
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Fig. 8. An example of failed localization of the foreign material. Tag 5 at 𝑃𝑋𝑌 (4, 2)
has the highest EDR on the XOY plan and tag 6 at 𝑃𝑋𝑍 (3, 2) has the highest EDR on
the XOZ plane. Since (𝑥 = 4) ≠ (𝑥′ = 3), we cannot identify a grid point as the location
of the foreign material.

⎡

⎢

⎢

⎣

𝑃𝑡𝑎𝑔(1, 1) ⋯ 𝑃𝑡𝑎𝑔(1, 𝑁)
⋮ ⋱ ⋮

𝑃𝑡𝑎𝑔(𝑀, 1) ⋯ 𝑃𝑡𝑎𝑔(𝑀,𝑁)

⎤

⎥

⎥

⎦

, (12)

where 𝑃𝑡𝑎𝑔(𝑖, 𝑗) denotes the possible locations on plane 𝑃𝑋𝑌 (𝑖, 𝑗) or
𝑃𝑋𝑍 (𝑖, 𝑗); 𝐸𝐷𝑅(𝑖, 𝑗) denotes the EDR from 𝑡𝑎𝑔(𝑖, 𝑗), and ∑𝑀

𝑖=1
∑𝑁

𝑗=1
𝑃𝑡𝑎𝑔(𝑖, 𝑗) = 1. TagSee first determines whether the foreign material exists
or not. Then, it obtains the EDRs from all tags, and calculates the weight
of each tag’s EDR using Eq. (11). The weight represents the probability
of the tag projecting onto the plane. In Section 5.4, we use heat map
to represent the location probability where the objects are presence in
using matrix (12).

4.2.2. Spatial localization of foreign materials
Intuitively, to locate the object position, there are two steps. First,

we project the foreign material onto 2-D planes 𝑋𝑂𝑌 and 𝑋𝑂𝑍 to
obtain two location points, respectively. Second, the virtual intersection
of the two points in space is defined as the spatial position of the object.

An 𝑀 ×𝑁 tag array in the 𝑋𝑂𝑌 plane and an 𝑀 × 𝐿 tag array in
the 𝑋𝑂𝑍 plane can form an 𝑀 × 𝑁 × 𝐿 grid space. The grid points
are labeled with coordinates 𝑃 (𝑋, 𝑌 ,𝑍). Denote the origin point O as
𝑃 (1, 1, 1). Assume that the target 𝑋 presents a foreign material in the
wheat with a feature vector 𝑉 (𝑅𝑆𝑆_𝑥, 𝜃_𝑥). TagSee first uses the EDR
algorithm to obtain the 𝐸𝐷𝑅(𝑋) values of all the tags in two arrays.
Then, the projected locations are obtained in the form of 𝑃𝑋𝑌 (𝑥, 𝑦) and
𝑃𝑋𝑍 (𝑥′, 𝑧). The spatial location coordinates 𝑃 (𝑥, 𝑦, 𝑧) can be obtained if
𝑥′ = 𝑥, and consequently the location of the foreign material can be
determined. For example, the foreign material 𝑋 is projected on the
two planes with 𝑃𝑋𝑌 (4, 2) and 𝑃𝑋𝑍 (4, 3), as shown in Fig. 6. Then 𝑋 is
located to be near the grid point 𝑃 (4, 2, 3), and X can be removed by
hand next. However, we cannot find a grid point if 𝑥′ ≠ 𝑥, which is
considered as localization failure. It can be seen in Fig. 8 that there
are two abnormal EDR values corresponding to tag 5 and tag 6 in
the 𝑋𝑂𝑌 and 𝑋𝑂𝑍 planes, respectively. The coordinates of the two
corresponding tags are 𝑃𝑋𝑌 (4, 2) and 𝑃𝑋𝑍 (3, 2), respectively. Note that
𝑥′ ≠ 𝑥, we cannot find a grid point in this case and the foreign material
is not located.

To improve the success accuracy of localization, we propose a
heuristic method. When the localization fails, TagSee seeks for other
possible locations. The EDR values from all tags will be rearranged
as follows: (i) For plane 𝑋𝑂𝑌 , 𝐸𝐷𝑅𝑋𝑌 (1) > 𝐸𝐷𝑅𝑋𝑌 (2) > ⋯ >
𝐸𝐷𝑅𝑋𝑌 (𝑗) > ⋯; (ii) For plane 𝑋𝑂𝑍, 𝐸𝐷𝑅𝑋𝑍 (1) > 𝐸𝐷𝑅𝑋𝑍 (2) >
⋯𝐸𝐷𝑅𝑋𝑍 (𝑘) > ⋯. The above arrangements indicate the possibility
of projected locations on the two planes, from large to small. If local-
ization fails for the first time, i.e., there is not a grid point satisfying
both 𝐸𝐷𝑅𝑋𝑌 (1) and 𝐸𝐷𝑅𝑋𝑍 (1), TagSee continues to search down the

′

34

two lists to find a pair of EDR values that satisfy the 𝑥 = 𝑥 condition,
Algorithm 1 Online Relocation Estimation: Heuristic method
1: Input: Tag feature vectors 𝑉 (𝑅𝑆𝑆, 𝜃)
2: Output: Location 𝑃 (𝑥, 𝑦, 𝑧) of 𝑋
3: EDR algorithm for all tags feature vectors:𝐸𝐷𝑅𝑋𝑌 (𝑖), 𝐸𝐷𝑅𝑋𝑍 (𝑖)
4: Rearranged 𝐸𝐷𝑅𝑋𝑌 (𝑖), 𝐸𝐷𝑅𝑋𝑍 (𝑖) of two planes
5: for j=1:TagNumber do
6: Plane 𝑋𝑂𝑌 :Project the 𝐸𝐷𝑅𝑋𝑌 (𝑖), achieve coordinate 𝑃𝑋𝑌 (𝑥, 𝑦)
7: Plane 𝑋𝑂𝑍:Project the 𝐸𝐷𝑅𝑋𝑍 (𝑖), achieve coordinate

𝑃𝑋𝑍 (𝑥
′ , 𝑧)

8: if (𝑥 = 𝑥′ ) then
9: return result 𝑃 (𝑥, 𝑦, 𝑧)
0: else
1: Project 𝐸𝐷𝑅𝑋𝑍 (𝑖 + 1) on Plane 𝑋𝑂𝑍
2: if (𝑥 = 𝑥′ ) then
3: return result 𝑃 (𝑥, 𝑦, 𝑧)
4: else
5: Project 𝐸𝐷𝑅𝑋𝑌 (𝑖 + 1) on Plane 𝑋𝑂𝑌
6: if (𝑥 = 𝑥′ ) then
7: return result 𝑃 (𝑥, 𝑦, 𝑧)
8: end if
9: end if
0: end if
1: return failure
2: end for
3: There is no a crossing-point, and the localization fails

Fig. 9. EDRs when there are two foreign materials.

which then provides the estimated location of the foreign material. The
algorithm process is shown in Algorithm 1, which can improve the
location success accuracy. We will verify its performance in the latter
section.

4.3. Multiple foreign materials sensing

When there are multiple foreign materials in wheat, 𝐸𝐷𝑅(𝑖) can be
used for determining the number of object. Taking the plane 𝑋𝑂𝑌 as
an example, as shown in Fig. 7. When two objects 𝑋1 and 𝑋2 are placed
in sensing space, 𝐸𝐷𝑅(𝑖) is obtained for all tags in plane 𝑋𝑂𝑌 . Fig. 9
shows that there are two abnormal tags of tag(5) and tag(6) on plane
𝑋𝑂𝑌 , which are the projection locations of 𝑋1 and 𝑋2, respectively.
Therefore, TagSee can determine the number of foreign materials by
counting the abnormal EDRs.

However, there are two cases in which the TagSee cannot accurately
count foreign materials. The first is that the distances between foreign

materials are too close to count. Second, when there are too many
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foreign materials or even more than the number of tags, they cannot
be accurately counted. For the first case, the TagSee considers these
materials as one foreign material, where people may remove two or
more foreign objects in one place in a time. For the second case, we
can increase the number of tags in the tag array to count more foreign
materials in larger space.

4.4. Properties recognition using multi-class SVM method

TagSee collects the vectors (𝑅𝑆𝑆, 𝜃) from RFID tags to identity
foreign material. We leverage a multi-class SVM method to identify ma-
terials, such as clods and rock blocks brought in during grain harvest,
and plastic belts and metal screws falling due to the aging machines.

For a multi-class SVM method, 𝑀 Support Vector Machines (SVM)
are constructed for 𝑀 classes, and each SVM separates data of one class
from other classes. During the test, the class with the largest output
value of the decision function is considered as the class of the test
sample. The i𝑡ℎ SVM can be obtained by the following optimization
problem,

min
𝑤𝑖 ,𝑏𝑖 ,𝜉𝑖

1
2
(𝑤𝑖)𝑇𝑤𝑖 + 𝐶

𝑁
∑

𝑡=1
𝜉𝑖𝑡 . (13)

The constraint condition can be expressed by,

⎧

⎪

⎨

⎪

⎩

(𝑤𝑖)𝑇 𝑂(𝑋𝑡) + 𝑏𝑖 ≥ 1 − 𝜉𝑖𝑡
(𝑤𝑖)𝑇 𝑂(𝑋𝑡) + 𝑏𝑖 ≥ −1 + 𝜉𝑖𝑡

𝜉𝑖𝑡 ≥ 0,
(14)

where the subscript 𝑡 represents the index of samples, 𝑁 represents the
number of samples, the superscript 𝑖 ∈ {1, 2,… ,𝑀} denotes the class
index, 𝑤 and 𝑏 are weight parameters of the hyperplane, respectively,
𝜉 is Lagrange multiplier, 𝐶 is a constant number, and 𝑂(𝑋𝑡) is the
optimal hyperplane function of sample 𝑋. Thus, a total of 𝑀 binary
SVMs can be trained by solving the quadratic programming problems
with 𝑛 variables. The Ref. [57] provides the detailed derivation process.
In this paper, we set 𝑀 = 4 (types of foreign material). The decision
function is given by

𝑓 (𝑋𝑛𝑒𝑤) = 𝑎𝑟𝑔𝑚𝑎𝑥
𝑖∈{1,…,𝑀}

{

∑

𝑋𝑡∈ 𝑠𝑣

𝑦𝑡 ⋅ 𝛼
𝑖
𝑡 ⋅ 𝜅⟨𝑋𝑡, 𝑋𝑛𝑒𝑤⟩ + 𝑏𝑖

}

, (15)

where 𝑠𝑣 denotes the support vectors, 𝜅⟨⋅, ⋅⟩ represents the kernel
function, 𝜅⟨𝑋𝑡, 𝑋𝑛𝑒𝑤⟩ represents the inner product of 𝑋𝑡 and 𝑋𝑛𝑒𝑤, 𝛼
is dimensional weight vector, 𝑦 is augmented vector of samples. Thus,
if a new sample data 𝑋𝑛𝑒𝑤 achieves the largest 𝑓 (𝑥𝑛𝑒𝑤), then 𝑋𝑛𝑒𝑤 will
be predicted to be in class 𝑖. The following six steps can be used for
multiple materials classification.

Step 1: TagSee collects feature vectors of all RFID tags with and
without foreign materials in medium. Note that the tag feature vector
only needs to be collected once when there is no foreign material, and
will never be collected again, thus it is once for all in this step.

Step 2: The training and testing datasets are established. 70% of
them are selected for training, while 30% are selected for testing
randomly.

Step 3: The data input is normalized to the range of [0, 1].
Step 4: We select the kernel function and parameters of the multi-

class SVM. In this paper, we consider the Gaussian radial basis function
(RBF) as the kernel function.

Step 5: The SVM is trained using data sets samples, where we use
LIBSVM toolbox to implement material classification [57].

Step 6: Then, the trained model in Step 4 could be employed for
the identification of foreign materials.

As the number of tags deployed in the environment increases, the
feature vectors collected by TagSee will increase dramatically. This
will lead to a lower operating efficiency and recognition accuracy. In
35
Fig. 10. The system flow chart.

the worst case, the SVM training function does not converge quickly,
because there is a large amount of redundant data, which interferes
with the accuracy of the system. Therefore, in order to reduce the
interference data and improve the system efficiency and recognition
accuracy, we propose to exploit the EDR algorithm to simplify the
redundant tags. Specifically, the tags feature vectors with higher EDR
values are selected to train the SVM model.

In this section, we present the TagSee design, and the system flow
chart is summarized in Fig. 10, which represents three functions of
TagSee, i.e., the amount, the location and the properties of foreign
material. Next, we will verify the above algorithms in Section 5.

5. Experiment verification

5.1. TagSee setup

As shown in Fig. 11, the sensing space with the size 116 × 56 × 26
cm3, is made of organic glass (poly-methyl methacrylate). This material
can mitigate the impact of the interference on the system, because poly-
methyl methacrylate has a minimal interference with electromagnetic
waves, which can almost be ignored. The sensing space is filled with
grain. TagSee is implemented with two passive RFID tag arrays (with
the Alien 9640 tag with Higgs 3 chips) on the 𝑋𝑂𝑌 plane and the 𝑋𝑂𝑍
plane, respectively. Each array consists of 4 × 3 tags. A reader with two
Laird2 S9028 PCR RFID antennas is used to query the tags, and a tablet
computer with Windows 10 system is used to process the collected
data. RFID tag arrays are placed at the bottom and one side of sensing
space, and the tag arrays on both sides form a virtual grid to mark
the sensed 3D space holding the grain. Four types of foreign materials
are used, including clod, plastic, rock, and metal screws, which are
common in stored grain. To verify the system’s sensing performance
for objects with different sizes, Fig. 12 shows two sets of four types
of foreign materials with sizes about 2.5 × 3.5 cm2 and 1 × 2.5 cm2.
Note that we only taken four representative materials as sensing targets,
but in practice, the majority of foreign materials are one of these four
categories. Therefore, the four types chosen in this experiment are
representative and reasonable.

5.2. Foreign material detection

In this section, we verify the sensitivity of EDR values to for-
eign material. We first measure 𝑉0(𝑖)(𝑅𝑆𝑆_0, 𝜃_0) with the clean grain
samples. Next, we place clod, metal, rock, and plastic in the grain,
respectively, and measure the corresponding 𝑉 (𝑖)(𝑅𝑆𝑆_0, 𝜃_0) values.
1
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Fig. 11. Deployment of the experimental system.

Fig. 12. Four types of objects with large/small size that common in grain storage.

To facility a fair comparison, we place the foreign material in the same
position each time. Note that there is only one foreign material in the
sensing space in each experiment. Finally the EDR value for each tag
is computed as in (8). Take plane 𝑋𝑂𝑌 as example, data is collected
when the foreign material is placed above tag 4. Fig. 13 shows the
EDR values for the four types of materials with large and small sizes,
respectively. Fig. 13(a)–(d) represent the EDRs of metal, rock, clod and
plastics, respectively, where Metal𝐿, Metal𝑆 denote large and small
metal objects respectively, and the same definition is set for rock, clod,
plastic. For the large objects with size about 2.5×3.5 cm2, it is clearly see
that the EDR of tag 4 is abnormal since the foreign material is near this
tag. Thus, it can be inferred there should be a foreign material in the
wheat. However, there are more abnormal EDR in the case of metal, as
shown in Fig. 13(a), which does not mean that there are more foreign
materials in the wheat. In fact, this is because metals have a strong
shielding effect on electromagnetic waves, causing such abnormal EDR
values. For smaller objects with sizes about 1 × 2.5 cm2, TagSee can
sense metal and rock, but for clod and plastic, TagSee fails to sense
them. As illustrated in Fig. 13(c) and Fig. 13(d) with red line, there
are more than one abnormal EDRs, and they are difficult to distinguish
between EDRs in tags. Thus, it can be concluded that TagSee cannot
sense plastics and clod with size smaller than 1 × 2.5 cm2.

When there may be multiple objects in the grain, we will verify
the effectiveness of the multiple foreign materials sensing method
mentioned in Section 4.3 as following.
36
Fig. 13. EDR values for the four types of materials with different sizes.

5.3. Multiple foreign materials sensing

To enable Tagsee to detect multiple objects, it is necessary to obtain
the EDR values of all the tags in clean wheat (i.e., without foreign
materials). TagSee collects the feature vectors of the tags from clean
wheat, it only needs to be collected once. The collected data will be
used to compare with the data of the wheat that contains foreign
objects. Then, TagSee collects the feature vector 𝑉 (𝑅𝑆𝑆, 𝜃) of each tag
with foreign materials. As shown in Fig. 14, it indicates the difference
of 𝜃 and 𝑅𝑆𝑆 before and after foreign material are present in wheat
and air, respectively. Fig. 14(a) represents the 𝑅𝑆𝑆 that is in air and in
wheat when the metal screw is placed. We can see that 𝑅𝑆𝑆 in wheat
changes more greatly than that of 𝜃. By contrast, the phase changes
greatly in air, as shown in Fig. 14(b). The above experimental results
show that it is easy to sense one foreign material only by observing
𝑅𝑆𝑆 or 𝜃. The results also indicate that when foreign materials are
present in the air, they are easier to be detected than in wheat, because
foreign materials have stronger absorption or reflection properties in
the air. In addition, due to the weak magnetic medium properties of
wheat, signals attenuate more in wheat than in air.

For scenarios with multiple materials in wheat, the foreign materials
are placed in the sensing space to observe the changes in EDR. Fig. 15
shows the relation between abnormal EDR and the foreign material
numbers using the EDR algorithm, where Fig. 15(a), (b), (c), (d)
represent the EDR of tag when {rock}, {rock, plastic},{rock, plastic,
clod}, {rock, plastic, clod, metal} are presence in wheat, respectively.
In Fig. 15(a) and Fig. 15(b), we can observe that there is one abnormal
EDR corresponding to tag 9 and two corresponding to tag 6 and tag
11. Three foreign materials can be observed corresponding to tag 2,
tag 3 and tag 9 in Fig. 15(c). However, it is difficult to determine the
number of foreign materials from Fig. 15(d). We conclude that TagSee
can sense less than three foreign materials easily through a array with
3 × 4 tags. Also, if there are more foreign materials, we need to use a
larger tag array to improve the sensing performance.

5.4. Foreign material localization

5.4.1. Projection onto planes
Section 5.2 validated that TagSee can detect foreign materials in

wheat by abnormal values of EDR of tag(𝑖) in plane 𝑋𝑂𝑌 and tag(𝑗)
in plane 𝑋𝑂𝑍, and Eq. (11) illustrated that object’s projection position
is a probability issue, indicating the possibility of the foreign object
being at that position. Thus, we consider using heat map to represent
the possibility of an object projected onto the planes. We use linear
interpolation to interpolate matrix (12). Fig. 16 shows the possible
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Fig. 14. RSS and 𝜃 before and after foreign material present.

Fig. 15. EDR of multiple foreign materials in wheat.

position that one object’s projection on planes, where the intensity of
brightness indicates the possibility of object position, and the higher the
brightness, the greater the possibility is. Fig. 16(a) and Fig. 16(b) show
one object’s projection position on plane 𝑋𝑂𝑌 and 𝑋𝑂𝑍, respectively.
Therefore, the most likely projection positions should be 𝑃𝑋𝑌 (2, 2) and
𝑃𝑋𝑍 (2, 3). Fig. 16(c) and Fig. 16(d) show the smaller object’s projec-
tion on planes. In Fig. 16(d), we can find that TagSee is difficult to
determine the correct projection position because there are two possible
positions mixed together. Thus, we conclude that the smaller objects
are more difficult to be located using a 3 × 4 tag array.

Fig. 17 shows the projection of multiple foreign materials on a
plane, where Fig. 17(a)- Fig. 17(c) represent the projection on a 3 × 4
37
Fig. 16. The objects with different size projection on the plane 𝑋𝑂𝑌 and 𝑋𝑂𝑍.

Fig. 17. Projection positions of objects using different number of tag array.

tag array, and Fig. 17(a) represents the projection positions when
there are two objects in wheat, which shows that the objects can be
easily distinguished. Fig. 17(b) shows the projection positions when
two objects are close together, and the projection positions of these
two objects are overlapped. Fig. 17(c) shows the projection of three
objects, where the projection positions are mixed together, making it
more difficult to be distinguished. Fig. 17(d) shows the projection of
three foreign objects on a 4 × 5 tag array, indicating that they can be
distinguished clearly using a larger tag array.

In the following experiment, we present the performance of TagSee
using the methods proposed in Section 4.2 when TagSee is working in
different medium (air and wheat), and shows the performance when
TagSee senses the different type of foreign materials. The foreign
materials are randomly placed in the sensing space. TagSee collects
RFID tags feature vectors 𝑉 (𝑅𝑆𝑆, 𝜃), and 500 data packets are collected
for each tag. We repeat the above operations for 50 times to obtain
different material feature vectors, and record the coordinates in each
experiment. The foreign materials are projected onto planes 𝑋𝑂𝑌 and
𝑋𝑂𝑍 using the EDR algorithm. The projection success accuracy is
counted as shown in Table 2, which indicates the success accuracy for
projecting foreign material on 𝑋𝑂𝑌 plane and 𝑋𝑂𝑍 planes in medium
of air and wheat, respectively. We find that the metal performs the best
localization success accuracy of 100%, and the plastic with the worst
accuracy of 76%. These findings indicate that TagSee’s performance is
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Table 2
Success accuracy of projecting various foreign materials on plane XOY and
XOZ.
Foreign materials Air wheat

XOY XOZ XOY XOZ

Metal 100% 100% 100% 100%
Rock 96% 94% 92% 92%
Clod 90% 84% 88% 86%
Plastic 82% 82% 78% 76%

Table 3
Spatial localization success accuracy using heuristic method in air.

Object
Relocating Times 1 2 3 4

Metal 100%
Rock 92% 96%
Clod 76% 84% 92%

Plastic 70% 80% 88 % 88 %

related to the material’s dielectric properties. Specifically, the metal is
more sensitive to electromagnetic waves than the other three materials.
In addition, the accuracy is better in air medium than that in wheat
medium, because there is less interference in the air than that of in
the wheat medium. Thus, TagSee’s performance is also related to the
properties of medium where foreign material exist.

5.4.2. Spatial localization with heuristics method
Tables 3 and 4 represent the spatial location success accuracy using

the heuristic method in air and in wheat, respectively. For the plastic
in wheat, the initial localization accuracy is only about 70% with 30%
failure rate both in air and wheat. The localization success rate in air
and wheat increases from 70% to 88% and 84%, respectively using the
heuristic method. In addition, the success accuracy in air medium is
higher than that in wheat, which again verifies that the localization
success accuracy is not only related to the object’s properties, but also
to the medium in which the object is placed.

We test the TagSee’s performance using smaller foreign material
in the follows. Intuitively, smaller targets have less absorption and
reflection for tag signal, so that there should be less changes in feature
vectors 𝑉 (𝑅𝑆𝑆, 𝜃) when objects are presence in wheat. To verify the
above idea, we performed experiments using smaller size objects as
sensing targets in wheat. The results are presented in Table 4, where
𝑀𝑒𝑡𝑎𝑙𝑠, 𝑅𝑜𝑐𝑘𝑠, 𝐶𝑙𝑜𝑑𝑠 and 𝑃 𝑙𝑎𝑠𝑡𝑖𝑐𝑠 denote the smaller sized objects,
as shown in Fig. 12. TagSee can effectively locate metal and rock
with smaller size. However, for smaller sized clod and plastic, the
performance of TagSee is significantly reduced. Therefore, TagSee is
more sensitive to objects with properties such as metals and rocks,
while it is less sensitive to dry clod and plastics. Essentially, the results
are related to the dielectric constant of the objects. Next, we use the
multi-class SVM method to identify four types of objects and indirectly
verify the results.

5.5. Foreign material recognition

We verify the method proposed in Section 4.4 for sensing the type
of material in NLOS scenarios. Data collected in Section 5.2 will be
used for training the model. Here, TagSee collects the feature vector
𝑉 (𝑅𝑆𝑆, 𝜃) of all RFID tags, consisting of 2 elements 𝑅𝑆𝑆 and 𝜃, with
each tag collecting 500 data packets. There are 12 tags in total. When
there are 12 coordinate points in the sensing space, TagSee needs to
collect at least 2×500×20×12 data samples for training and modeling.
Fig. 18(a) shows the recognition results using feature vectors from all
the RFID tags in 𝑋𝑂𝑌 and 𝑋𝑂𝑍 plane in the medium of wheat. It
presents the best accuracy of only 79% for metal recognition, and the
38
Fig. 18. Confusion matrix of foreign material recognition.

worst accuracy of only 69% for plastic, which is not a satisfactory
result.

In fact, collecting and processing a large amount of data does
require more system resources and computational power. At the same
time, too much redundant data can lead to a decrease in system
performance and increase the cost of data storage and processing. For
designing and implementing TagSee, it is necessary to balance the
quantity and quality of data. We need to select appropriate sampling
methods and algorithms, in order to achieve the best performance and
effectiveness. Based on the above idea, we consider selecting some (in-
stead of all) RFID tag feature vectors as samples for training the model.
TagSee uses 3 feature vectors with greater EDR values to identify the
targets based on the EDR algorithm. In this way, most tags are regarded
as the redundant data, which greatly reduces the calculation of the
system. The result is shown in Fig. 18(b). The accuracy is improved
greatly with the best of 92% for the metal, and the worst of 86% for
the plastic in the medium of wheat.

Figs. 18(a) and 18(b) show that metal has the highest recognition
rate. This is due to the significant difference in relative dielectric
constant between metal and wheat. Generally, the dielectric constant
of metal ranges from 8 to 10, while that of wheat is between 3 and 5.
Therefore, metal is easier to be identified in wheat. In contrast, plastic
has the lowest recognition rate due to its relative dielectric constant
ranging from 1.5 to 4, partially overlapping with that of wheat. Thus,
plastic may be more difficult to be identified than metal in wheat.

In Fig. 19, we can see that as the number of tags increases, the
system recognition rate is significantly affected due to data redundancy.
However, when only one tag is selected, the amount of data is too
small to accurately measure the features of the object to be recognized.
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Table 4
Spatial localization success accuracy using heuristic method in wheat.

Object
Relocating Times 1 2 3 4

Metal𝑠/Metal 98%/100%
Rock𝑠/Rock 88%/88% 92%/94%
Clod𝑠/Clod 72%/78% 78%/78% 84%/84% 84%/92%

Plastic𝑠/Plastic 70%/70% 74%/78% 76%/ 84% 76% /84%
Fig. 19. Recognition accuracy of material properties using different numbers of tag
feature vectors.

Therefore, based on Fig. 19, it is more appropriate to use 3 or 5 tags
feature vectors with the highest EDR as the model training data.

6. Conclusions

This paper presented TagSee, the first RFID-based system to lever-
age RFID phase and RSS as feature vectors for foreign materials detec-
tion, localization and recognition simultaneously. We first introduced
a 3D virtual grid to mark the sensing space according to the two RFID
tag arrays deployed on the sides of the sensing area, respectively. Then
we proposed an EDR algorithm and a heuristic method to sense the
foreign objects locations represented in the form of probability. Also,
the possible locations were visualized with the heat map. We conducted
a large number of practical experiments to show the effectiveness
of TagSee in locating different foreign materials in air and wheat,
respectively. In addition, TagSee can recognize the types of foreign
materials using a multi-class SVM method. Our experimental results
illustrated that TagSee could achieve recognition accuracy of over 86%
for four the objects.
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