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Abstract: Object recognition in the field of robotics generally has depended on a computer vision system. Recently, RFID(Radio Frequency
IDentification) technology has been suggested to support recognition and has been rapidly and widely applied. This paper introduces the more
advanced RFID-based recognition. A novel tag named 3D tag, which facilitates the understanding of the object, was designed. The previous
RFID-based system only detects the existence of the object, and therefore, the system should find the object and had to carry out a complex process
such as pattern match to identify the object. 3D tag, however, not only detects the existence of the object as well as other tags, but also estimates
the orientation and position of the object. These characteristics of 3D tag allows the robot to considerably reduce its dependence on other sensors
required for object recognition the object. In this paper, we analyze the 3D tag's detection characteristic and the position and orientation estimation

agorithm of the 3D tag-based RFID system.
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1. Introduction
We cannot even think about something if that something does not ex-
ist. If something exists, we can understand or imagine about it no
matter what it may be. Understanding and imagination in this way
fully depend on recognition. A humanbeing’'s object recognition is
executed in real time by identification intelligence, which is devel-
oped from experience, learning, and presumption. On the other hand,
arobot’s object recognition is executed by sensation, perception, and
identification. Sensation means the response to the stimulus and in-
tensity of the object; for example, avision system capturesimages ob-
tained from a CCD camera[1]. Perception implies the estimation or
acquirement of the object geometry, of which invariants are extracted
from the two-dimensional luminance data. |dentification matches and
determines the object from a database based on the representations
of the extracted geometry. These processes need to compute enor-
mous data, so that real-time process is amost impossible. In addi-
tion, matching uncertainty is immanent in this recognition because
the robot has much difficulty in identifying the existence of an object.
Suppose that a robot agent is commanded to clean the room as il-
lustrated in Fig. 1. The robot has sensors such as ultrasonic, vision,

Mission 1: clean the room
Mission 2 : get me the mobile phone

Fig. 1. Recognition for executing a task

and laser range finder. When executing the cleaning mission, it re-
ceives another order, that is, to bring the commander his’her mobile
phone. Executing this mission needs the classification of physical ob-
jects which is to be kept or cleaned. At the same time, it should find
the mobile phone. But sensorsthat should recognize objectsfor clean-
ing are beyond their computational capacity. Thus, the robot stops
cleaning, and then begins to find the mobile phone. First, it scans all
objects using vision, sonar, etc., and then will try to compare the ob-
jects with the target mobile phone. It, however, cannot find the target

* All the correspondences are sent to prof. Choi.

despite every effort because the sensor cannot scan the target object,
which is hidden by the bottles and a dish. Consequently, the robot
cannot even confirm the existence of the target in the room and it will
conclude that the target isin another room.

RFID isan attractive technology to supplement the limitation of robot
faculty as such. The basic but powerful function of this technology
isto identify the existence of the object. In the same missions, there
is another robot with the RFID system and all objects have built-in
tags. This tag gives to the robot the information which is the prop-
erty or characteristic of the object. To clean the room, the robot easily
chooses the objects which should be removed or kept. To execute the
second mission, the robot searches the ID lists of objects which have
been obtained while cleaning. Through the robot has already known
that there is the target mobile phone in the room. To find the target,
this robot moves to the position where the target has been detected,
and then scans nearby objects using its sensors. Hence, the robot can
complete its task more easily after object identification. The robot,
however, hardly ever knows where the target is because the sensors
cannot detect the target, which is hidden by other objects. Finaly, the
missionisnot completed. Obviously thetarget isthere, but something,
however, is often thought not to exist if it is not detected. Hence, the
RFID system also cannot present the solution for object recognition
because it is not enough to identify and confirm the existence of the
object.

In order to overcome this limitation, the authors have developed the
advanced RFID system based on 3D tag. The proposed RFID system
cannot only identify, but also estimate the position and orientation
of the object. Owing to these characteristics, the automated systems
together with robots can easily and rapidly recognize objects. Natu-
rally, this recognition mechanism can also simplify other robot pro-
cesses such aslocalization, navigation and manipulation. The authors
have developed the algorithm and application for such processes of
the robot on the basis of the proposed advanced RFID system. In this
paper, we mainly focus on the fundamental principle and algorithm
of this system. Firstly, the basic idea is addressed. Sections Il and
1V describe the structure of the system and the 3D tag which char-
acterizes the system. The algorithms for estimating the position and
orientation of objects are given in Section V, and experimental results
are briefly presented.



2. Problem Statement and I dea
RFID system has been used for the artificial landmark to obtain the ge-
ographical information for navigation and localization of the mobile
robot [2] —[8]. Using this system, several researchers have devel oped
the application of RFID system to support object recognition [9] —
[11] and manipulation [11]. Their studies are very useful and practi-
cal in that the RFID system supplements the limitation of the robot’s

capability.

Fig. 2. The proposed Idea. (a)Preliminary process for object recog-
nition. (b)Main process for object recognition. Because the ori-
entations of objects and tags are same, the object pose is easily
estimated when tags are detected.

Most of previous RFID systems have omni-directional read range and
one RFID tag is embedded into one object which is detected by the
antenna of the system. These systems can know whether the object
exist or not. To recognize objects, however, a robot should consider-
ably depends upon other sensors as ever though it is equipped with
the RFID system.

Let’s suppose the missions as described above. There are objectswith
new type tags called 3D tag. This tag provides the robot with the po-
sition and orientation of the object. To manipulate the target mobile
phone, the robot directly approaches the target without the unneces-
sary scanning and sensing processes of other objects. The robot al-
ready knows the position and orientation of the target and some other
objects(bottles and dish around the target) as shown in Fig. 2(a). The
robot determines the location and direction so as to handle the target
without obstructing of the objects. The robot estimate the position
and pose of the object owing to 3D tag, and also aready knows the
characteristics of the object such as shape and size; to provide these
characteristics is the basic merit of an ordinary tag. Thus, itissimple
to compare and match the real target and a target model. The robot
begins to manipulate the target considering the corrected position and
orientation which are obtained from the match process, and deliberat-
ing the shape, weight, material and size of the target.

For the materialization of thisidea, anovel tag called a 3D tag and the
3D RFID system have been devel oped.

3. Characteristics of 3D RFID System

3.1. Recognition Module

DRP [(Dynamically Reconfigurable Personal robot I) which equips
RFID system are modularized as shown in Fig. 3(a) [12]. It is com-
posed of four modules. Each module is functionally distributed and
reconfigured. The proposed RFID system is a part of the module
called Recognition Module. The major function of the module is to
recognize, and judge from the existing state of things with Sensor
Module. This function should be required so as to execute the task
or mission of a robot as a agent. For the effective target or subject
recognition, this module has also a vision and voice recognition sys-
tem. The systems are physically synchronized as shown in Fig. 3(b).
They simultaneously try to scan the object with the same intension,

Frontview _ Backview

1

Fig. 3. 3D RFID-based robot. (a) Modularization of robot. 1, 2, 3,
and 4 represent recognition, arbiter, sensor, and mobile module,
respectively. (b) Structure of recognition module.

Z, 7 RFID antenna
Fig. 4. Simulated sensing range of RFID antenna.

and also fill up the lock of each whatever the target is. Especialy,
RFID system makes identify and confirm targets easily, so that other
recognition systems and Sensor Module can perform their functions
fast.

3.2. Sensing Range of 3D RFID System

Distance of y-direction at z=0 (mm)
== 0 500 1000 1500 2000 2500 3000
y

-1000)

B
S -so0f
s
i

1000 |

€] (b)

Model of sensing range: ellipsoid

©
Fig. 5. Sensing model. (&)Tag with small dipole antenna(b)Read
range pattern of RFID antenna at z=0 (c) Model of sensing range.

The proposed RFID system is composed of a antenna and reader to
detect 3D tag. Antenna can be swept by the actuator as shown in
Fig. 3(b) and has the uni-directional read range as shown in Fig. 4.
These features are used for estimating the position and orientation of
3D tag. 3D tag is composed of several passive tags which have the
dipole antennas as shown in Fig. 5(a). It has no self-power source, so
that the required power is obtained through the el ectromagnetic induc-
tion, especially magnetic field. To induce sufficient operating voltage,
the tag must be placed within the range of the detectable angle and



distance in the magnetic field of the electromagnetic wave from the
antenna. If the tag is out of the range of detectable angle, it can not
be sensed by the reader though it is placed in the detectable distance.
The specific detectable angle and distance of RFID system can pro-
vide more definite information to the robot. The authors measuresthe
sensing range of RFID antenna to the tag when 3D RFID system is
combined into DRP .

To measure the range in accordance with height and distance, the test
spaceis (2000mm x 3000mm x 1000mm) and 6 axis manipulator is
used asillustrated in Fig. 5(c). The experimental sensing range is the
geometry similar to the simulated sensing range. The fragmental non-
detectable area ,however, is present because of the effects of the robot
body and ground as shown in Fig. 5(b). The sensor model including
the fragmental area is designed so that the once detected tag should
not be missed; even tag in the fragmental area is detected in a little
time because the proposed RFID system is sweepable. The model
should include all of range which can have the possibility to detect
tags. This concept differs from that of the other sensor model such as
sonar. The tag should not be neglected, if exists, because a matter of
primary concern of RFID system is to determine the existence of the
object.

Based on the experimental results, the detectable range of our system
ismodeled as an ellipsoid. The equation of the ellipsoid isEq.1. The
reference frame is denoted by .. (cz,cy,c.) is the center of the
ellipsoid and r,, ry, and r, arethe radius of the ellipsoid.
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where ¢, = 0, ¢, = 1350, ¢, = 0, r, = 700, 7, = 1350, and
r, = 1000. This equation can be rewritten in order to be suitable for
the sweepable antenna. In spherical coordinates of the center of the

elipsoid, Eq.(1) is rewritten by

+ =1, L)

|P.| - cos e sin ¢
[Py, |- sinpesinge |, )]
|P..| - cos ¢e

Pe(‘PeMﬁe) =

where P. is the position vector inside the dlipsoid. P,., P,.,
and P, are z., ye, and z. vectors of P., respectively (|P.,.| <
T, [Py | < 7y, |P..| < 72). @e isthe azimuthal anglein the zeye.-
plane from the z.-axis and ¢. is the polar angle from the z.-axis
(0 < e <27, 0 < ¢ < 7). Thevector P4 of inside the ellip-
soid, of which the reference frameis X 4, can be written by

Py = Ca+ PE(@67¢6)7 3

where C 4 isthe vector from X 4 to ..

3.3. Detectabletag orientation

The detection rate of the tag is changed in accordance with the an-
gle between the tag in the sensing range and the antenna. Let's as-
sume that the relation between the coordinate frames ¥,,,; and Y44
is given by the vector *™* P, without rotation in Fig. 6(a)(Za+ and
Yiag are the coordinate frames of the antenna and the tag, respec-
tively). Each detection rate of the tag rotating around x1q4, ytagy and
Ztag 1S Measured as plotted in Fig. 6(b), so that the detectable angle
range of tag is obtained as follows:

[-180 < «

< 180], 4

5],

INIA

where o, (3, and ~ are the angles of pitch, roll, and yaw, respectively.
The results mean that the detection rate can estimate the pose of atag

Non-detectable tag pose

\Pitch :c

0.8 . ali AN K Y
3 I | !

! A

E

]

ES

Detectrion rate
s s

|
v
\
"
f
¥
i
-.
N

s
S

i

H i

W) o

A 4 | !

0.0 . L o

0 30 60 90 120 150 180 210 240 270 300 330 360
Angle(degree)

(b)
Fig. 6. Detectable tag pose. (a) Rotation of tag. (b) Detectable angle
range of tag.
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Fig. 7. Union tag range. (a) Prototype of union tag. (b) Antenna
direction capable of detecting the tag unit Urr. (c) Notation of
union tag

within thelimits. Furthermore, the orientation of the object with built-
in tags can estimated if the change of the detection rate in accordance
with the axes can be properly combined. 3D tag is developed on the
basis of this characteristic.

4. 3D tag: Union Tag

3D tag consists of several tags. They are called tag unitsin that they
are the components of 3D tag. Two kinds of 3D tag are developed,
which are union tag and cubic tag. Asiillustrated in Fig. 7, the tag
units are attached to the six edges of a cube. The surface of the cube
is covered with the radio shielding material. This shield limits the
pitch angle for the detection of the unit tag, while it does not limit
the roll and yaw angles. As shown in Fig. 7(b), the antenna, which
can detect one tag unit Uz of six units, should be placed within the
angle range of 180°; the other tag units have the same ranges 180°
similarly to Urr. This detection of Urr means that the y-axis of
Yant(hereinafter referred to antenna direction) faces the side of the
top or front or both; the letters + and » of Urr denote top and front.
In the same manner, Urr,, Urt, Ups, Usr, and Urp correspond
to the front or left, left or top, down or back, back or right, and right
or down, respectively as shown in Fig. 7(c). 3D tag composed of
the tag units is named a union tag and it's detection angle range is
characterized by the tag units. This detectable angle range permitsthe
orientation of the union tag to be estimated. Thus, the orientation of
the object fitted with the union tag can be estimated because the union
tag is aligned with the orientation of the object.

AsshowninFig. 8(a), aordinary object hasfour postures per one face
when the face isrotated in 90° increments, and all poses of the object
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Fig. 8. Poserelation of 3D tag and object. (a) Orientation of normal
object. (b) Object with built-in 3D tag. (c) Pose estimation (d)
Trandation of pose estimated

are twenty four kinds; the classification like thisis useful in that a hu-

man frequently understands the pose of an object with the base of 90

degree such as top, bottom, front, back, left and right. On the other

hand, the pose of the object with the built-in union tag is divided into
twenty four classes from a different standpoint. Considering the tag
unit Urr, the pose of the object which allows Urr of the union tag
to be detected is four kinds as shown in Fig. 8(b). This detection of
Urr means the detection of one of the object’s two faces: the front
side or top side of the object. Owing to this feature, the orientation of
the object cannot be determined by the detection of one tag unit. Two
tag units at the least should be detected so that one of the twenty four
posesisdetermined. The most effective method isto detect two neigh-
boring tag units. Let’s assume that the antenna of the robot detects the
object from —y,,,.; axis direction when the object is fixed as shown
in Fig. 7(b), and then it does from x,,,,; axisdirection. 3D RFID sys-
tem reads Urr and Urr in order. This means that 3D RFID system
detects the front side denoted by N 7, and then the left side by IV ..
N r and N 1, also denote the direction vectorswhich are normal to the
faces of front and |eft, respectively(the subscripts » and r, denote the
front and left). The detection case by this order isonly one. The sum
of cases like this is twenty four as shown in Fig. 7(c) and each case
determines the pose of the object. To generalize these cases, the au-
thors devel oped the algorithm. We define that U ; is the first detected

tag unit and U ; the second where U;=(i1,i2) and U ;=(j1, j2). T,

F, L, R, Band D aredenoted by 1, 2, 3, 4, 5 and 6, respectively.

[r; n;] which means the first and second face detected is as shown in

Fig. 8(d). Therelation equations of these numbers are found through

observation, and the relations can be written by

[ni ny ] ©)
[ min(U;) min(U;) ] if Svm < 7or Syar > 9
[ max(U;) max(U;)] if Smm =7
[ max(U;) min(Uj) ]| if Smm =7
[ min(U;) max(U;) ]| if Svum =7

where Sarar, Smm, Smar, and Sur,, are as shown below.

Sum = max(U;) + max(Uj), (6)
Smm = min(U;) + min(Uj),
Smav = min(U;) + max(U;),
Sum = max(U;) + min(Uj).
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5. Position and Orientation Estimation of Object
5.1. Position Estimation

To complete the mission, the robot should know the position of the
target. Fig. 9 shows how 3D RFID system is used. The proposed sys-
tem can rotate the RFID antenna for scanning objects. This scanning
ability makes the robot estimate the position of 3D tag or the object.
As shown in Fig. 9(a), the robot rotates the antenna from the right-
hand to the left-hand. 3D tag isinitially detected when the direction
angle of the antennaiis ¢;, and the tag is detected until the angleis .
Thus, it can be said that the tag will be placed in the common area 1
through this scanning procedure. In the next step, the robot moves to
the second position, and then repeats the procedure. From the steps 1
and 2, the position of 3D tag is one point in the common area 3. De-
tecting objects by scanning has been used by the other robots which
has the sensors with detection range. But the results obtained from
scanning of these sensors differ from the results by the usage of 3D
RFID system. For examples, main purpose of the procedures using
ultrasonic sensors gives the robot not the position but geometry data
of environments such as walls and obstacles(the position is aready
determined because the distance and direction of the object has been
measured when detected). Or the procedure is performed so as to
compensate the mistaken data when the sensor does not detect the ob-
ject because the object is a sharpen edgy shape, etc. The ultrasonic
sensor or laser range finder is very useful for sensing unspecified ob-
jects such as mapping environments or avoiding obstacles, but these
sensors cannot find and sense the specified target because what the
target is. On the other hand, the robot with 3D RFID system what the
target is, but the scanning procedure by 3D RFID system cannot de-
termine the position of the target because RFID antenna itself cannot
read distance and the position is always uncertain. Thus, the scanning
should be used not for determining, but for estimating the position of
target. The steps in Fig.9(a) are the pre-process for the position de-
termination by other sensors capable of distance measuring. These
sensors of the robot based on 3D RFID system can easily detect the
object and determine rapidly the position because the robot has al-
ready known roughly the position of the object, moreover, whether or
not the object exists, what the object is, and how it poses. Fig. 9(b)
shows the position estimation of the proposed system. In this figure,
Y and X, are global and robot coordinates. P.; is the position
vector of the object in global coordinates. P, and P arethe position
vectors of the robot at P, and P2, respectively. P,,; can be written
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Fig. 10. Algorithm for orientation estimation. (a) Step 1. (b) Step 2.
(c) Step 3. (d) Method of Pose estimation. (€) Relation between
target pose and robot position
by

Pobj = P, +P1P0bj- (7)
This can be rewritten by

1 + |P1Pobj| - cos(01 + 1)

Py = .
bi Y1 + |P1Pobj‘ . sm(@l + 801)

) ®)
where 6; and 0, are the angular differences between the globa and
robot frames at P, and P». 1, which means antenna direction an-
gleis, the angle of PP, from the x,-axis and ¢ is the angle of
P, P ; fromthe z,-axis. |P1.Pos;| isrewritten by

sin(f2 4+ @2 — )

PiP,,;| = |P1Ps]|- , 9
[P1Pos;| = [P1P| sin(f2 4 w2 — 01 — 1) ©
where (¢ = tan™' 22=4) and ¢, and ¢, are obtained from
(¢i + pr)/2 a P1 and P, respectively. Thus, we finally obtain
sin(f2+p2—1)
P, = Tyt ‘P1P2| ' 5111(92+2<r?2(iz€1—501) 'COS(Gl + 801) (20)

sin(Oa+pa—1))
Y1+ |P1Po| - 2o o

-sin(f1 + 1)

This Eq.(10) is obtained from the relations of the steps 1 and 2. The-
oretically, the position can be estimated with the only step 1 because
the common area 1 is determined with the two ellipsoid computed.
The steps 1 and 2, however, should be required to to execute the ori-
entation estimation which will be presented in the next section. Since
the orientation estimation is always accompanied with the position es-
timation and the position estimation by the two stepsis more accurate,
the position estimation using these steps is reasonable.

5.2. Orientation Estimation

The proposed method for estimating the orientation of the object is
based on the characteristic which 3D tag's detectable angleis limited.
To define the pose of the target, two sides of 3D tag should be de-
tected as mentioned in the section V. If the robot detects the front side
at the initial position P;, and then detects left side at the second po-
sition P, the 3D tag poses from Fig. 10(a) to Fig. 10(c). To obtain
the pose of the target, it is important for the robot to determine the
second position. If the second position is not chosen properly, the left
side is not detected because the antenna has the limited direction and
sensing range for detecting 3D tag. The determination depends on the
detectable angle range of the tag unit of 3D tag; the maximum is 45°
and the minimum —45° from Eq.(5). When the tag poses as shown in
Fig. 10(a), the angle between the vectors IN » denoting the front side
and — P P ,;; should belessthan 45° so asto detect the front side of
3D tag. Incaseif Fig. 10(b), N 1, and — P2 P .3; should be more than

45° so as to detect the left side. Thus, it is reasonable that the angle
between P, P,,; and P2 P, is 45°. In addition, when the robot
is placed at the second position Ps, the target should be within the
sensing range of the antenna. Hence, the distance between the target
position P,; and P» should be chosen properly. This distanceis sub-
stituted with that between the common area 1 and P; . In the previous
section, the common area 1 is used so as to obtain ¢1 but the position
of the area is not considered. In other words, this common area is
used as the guide for the choice of P> so asto estimate the orientation
even if the areais not used for the position estimation. Though the
robot moveto P, the left side of 3D tag cannot be detected as shown
in Fig. 10(c). In such a case, the robot move to P; and detects the | eft
side. Asshown in Fig. 10(e), the positionsof P, P3, P3, and P,
are solved as follows.

P can be written by

Py =P+ P, P>, (11
where P, P iswritten by

[ V2 —=V2-|P1P.,| - cos22.5°

PPy = V2 =2 |P1 Pyl -sin 22.5°
I I[P P,
— 2
- (1 _ \)glpobj\ 12
L V2
Thus, P becomes Eq.(13).
|P1 P oy,
Jr J
po=| " o p (13)
yi+ (- —73")
P35 can be written by Eq.(14)
P3:P1+P1P3, (14)
where P, P35 isgiven by
| P1Pob;|
P,P;5; = . 15
e { | P1Pob;| =
Thus, P3 becomes Eq.(16).
x1 + |P3P oy,
Ps = . 16
3 Y1 + | P3P oyl (16

Consequently, we finally obtain

z1 + |P1 Py - % - cos(61 + ¢1)
y1 + |P1 Pyl - w -sin(61 + 1) |, (17)

eobj

Pobj:

where [P P3| = sec22.5°(z2 — x1). The orientation 6,; of the
target can be obtained as the following method. If the robot detects
the front side of 3D tag at the position P; and detects the left side of
3D tag at P», asshown in the case 1 of Fig. 10(e), the orientation 6,5
of the target can be written by

—45° < f; < 0°. (18)

If the robot detects the front side of 3D tag at the position P;, does
not detect the left side of 3D tag at P, and then detects the left side
of 3D tag at Ps as shown in the case 2 of Fig. 10(e), the orientation
0,5, Of the target can be written by

0° < Gop; < 45°. (19)



Fig. 11. Experiment of DRP 1.
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Fig. 12. Experimental results of position estimation by DRP 1.

Thisresults is satisfied wherever the target placed in he common area
1 and how it poses as shown in Fig. 10(d). Fig. 11 shows the proce-
dure of the experiment based on the proposed algorithm. In test space,
the target is placed at the random position P;4r g (1040, 900, 0). the
target is the box with built-in 3D tag. The robot is initially located
on P, (500,500, 0) in the global map. Using only 3D RFID system,
the robot DRP | searches and detects the target, and then then the
robot estimates the position and orientation of the target. This exper-
iment is repeated severa times. Fig. 12 shows the results of the po-
sition estimation. The results of the orientation estimation are aways
regular( 0° < 6,55 < 45°).

6. Discussion

Currently, the proposed 3D tag is detected has the limitation of the
pose estimation. In other words, the orientation is estimated when the
face is rotated in 45° increments. The detection rate, however, will
be be matched to the change of continuous orientation of the object as
show in Fig. 6(b). The authors have not succeed this matching process
because the detection rate is unstable until now. Thus, RFID tag and
antenna suitable for the stable detection rate should be developed. If
it is possible, the usage of 3D tag to estimate the orientation of the
object can be extended to various automation systems which need the
object recognition.

7. Conclusion
In this paper, 3D RFID system and 3D tag is presented. The proposed
RFID system supports not only to identify the existence of the object
as well as other tags, but also to estimate the orientation and position
of the object. This feature reduces considerably the dependence on
other sensors such as vision required of recognizing object. The au-
thors have developed the algorithm and application for the processes

on the basis of the proposed system.
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