JAIST Repository

https://dspace.jaist.ac.jp/

K Low- Cost Dual Rotating I nfrared Sen:
Robot Swarm Applications

Author(s) Lee, Geunho; Chong, Nak Ypung

L | EEE Transactions on Induptrial I nf

Citation
7(2): 277-286

Issue Date 2011-05

Type Journal Article

Text version aut hor

URL http:// hdl handle.net/ 10119/ 9855
Copyright (C) 2011 1| EEE. Reprinted f
Transactions on I ndustria I nf or mat i
2011, 277-286. This materj al i s post
permi ssion of the | EEE. Spuch per mi s:
| EEE does not in any way mply | EEE
of any of JAI ST's productp or servi (

: or personal use of this mpteri al i s

Rights . . :
However, permi ssion to reprint/repul
material for advertising pr promot.i
or for creating new colleptive wor k:
or redistribution must be|l obtained f
by writing to pubs-permispions @i eee.
choosing to view this docuhment, you
provisions of the copyright | aws pr

Description

AIST

JAPAN

ADVANCED

INSTITUTE OF

SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. , NO. , 1

Low Cost Dual Rotating Infrared Sensor for Mobile
Robot Swarm Applications

post IROS2009 paper

—

swarms with advanced sensing capabilities in an efficient,ost- g

reliable information about identification of neighboring robots Fig- 1. Echolocation and pursuit of prey by bats

time location of stationary targets positioned 100-m away within ~ Of 360-degree rotation. This is inspired by biological @ride

Abstract—This paper presents a novel low-cost position detec- \ pursung e prcy
tion prototype from practical design to implementation of its con- M
/)

effective way. From the observation of bats’ foraging behawrs,

the prototype with a particular emphasis on variable rotation

range and speed, as well as 360-degree observation capdpitias

from objects and their positions. For this purpose, an obseration

algorithm-based sensor is proposed. The implementation dils

are explained, and the effectiveness of the control schemés

an average error of 2.6cm. Moreover, experimental results show of what happens during the foraging behavior of echologatin
that the prototype observation capability can be quite sasfactory  pats [11]. Surprisingly, echolocating bats can contrajfrency
for practical use of mobile robot swarms. and bandwidth of their signals. As illustrated in Fig. 1, whe

trol schemes. This prototype is designed to provide mobileabot %y,
“Z
searching for prey )
been developed. The prototype also aims at giving each robot
verified through extensive experiments. The sensor providereal- install uniformly. Another option is to develop a sensoralaig
Index Terms—proximity sensor, 360-degree observation, target searching for prey, bats emit sound pulses in a regularrpatte

tracking, cost-effectiveness, mobile robot swarm in all directions. After detecting the presence of prey,htse
repetition rate increases in that direction to get accupaty
l. INTRODUCTION position. It should be noted that a proper implementation of

) ) ) bat-like sensing systems can be considered very costtigéfec
W ITH recent advances in robotics, much attention hqgr robot swarm applications.

been paid to the use of mobile robot swarms. They An important issue is how to coordinate a large number
offer many advantages in terms of efficiency, fault-tolesan . ; .
y 9 Y = f robots without using costly hardware solutions. The use

adaptability, and so on [1]. To achieve and maintain Su% high accuracy sensors helps ensure accurate distance and
capabilities, decentralized coordination approachetroting 9 y P

the motions of individual robots have been reported Sugr?sition measurements, but can become cosly. For instance
: , . ' . we have spent about USD 50 fabricating one set of proximity
as pattern generation [2][3], self-configuration [4][5}nca sensor prototype with 360-degree observation capabdlity
flocking [6][7]. These enable large-scale robot swarms SLihe othgr harﬁiJ one of the n?ost widely used IarsJer ser.1$ors
cess_fully perform many potential applications: enviromtaé Hokuyo Ltd’s ,URG-O4LX) with 240 degree range is 24
?:pr?ilg;rtlirc])?\s[,iﬂ’qo?:)?lglerglt?gt(;ear[z]'asfgu;zngioabéeghLTe:{hczse%mes more expensive than our prototype. Along this line, we

and disposable [10]. Toward deploying real mobile robots inggveloped a low-cost position detection prototype having a

those task environments, one of the technical challengts jgensing angle of 360 degrees [12]. To increase the practical

develop robot platforms at a reasonable cost. Specificatys- appl|gap|l|ty of the sensor prototype in real environments
containing a number of robots and obstacles, we need to

ing systems used in the platforms are essential in perfarmi - - . .
those tasks, because they play a role in detecting the mese%evek)p an accurate, efficient multi-functional obseoratind

of objects including neighboring robots, and measuringijrthedetecuon algorithm.

relative positions. Unfortunately, the sensing systenessail 1€ main purpose of this paper is to present 1) new
high-priced devices and relatively large in size as Comar@rototypedual rotating infrared (DRIr) sensors for mobile
with the platforms. robot swarms, 2) operation functions controlling obseorat

In most applications, mobile robots need to be able fgotions by DRIr sensors, and 3) an observation algorithm
observe their surroundings in all directions simultangous€nabling individual robots equipped with DRIr sensors to
One of the most common options for 360-degree observatigstimate the reliable center coordinates of other robatst, F
capability is to place an adequate number of sensors (glos&€ mechanically design DRIr sensor to give the robot a greate
spaced) at equal intervals around the circumference of fi@19€ of visibility. As relative location sensors for mehibbot
robot. Due to technical difficulties, such as the number S¥V&rms, we also consider the following design aspects: low

sensors required, interference, and cost, they would kittbar COSt, compactness, and easy integration. This paper @®vid
a detailed presentation on how to build DRIr sensor pro®typ

Secondly, what is important from the practical point of view
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is to realize several kinds of observing operations of eatihe snapshot through a series of computations. From the
robot using DRIr sensors in an efficient way. From biologicalontinuous process, the robot can recognize the presence of
evidence, three types of operation functions are proposedobjects including neighboring robots. Although the cantena
control rotation speed, intervals, and ranges of DRIr sensoprovide much information in only one snapshot, complicated
Specifically, when adjusting rotation ranges of DRIr seasorcomputation algorithms and fast computing aids are needed.
robots determine their own sensing coverage area, allowikpreover, the camera is very sensitive to illumination afem
them to perform another task such as tracking a movinghen multiple robots equipped with cameras are deployed,
target. Further details on operation functions are desdribthis may be costly. To identify other robots, color bars [23]
later in this paper. Thirdly, toward deployment of real moer helmets [24] indicating their identification numbers are
bile robots, it is also important to obtain reliable locaso additionally installed.
of neighboring robots and obstacles. For that purpose, arSecondly, RSSI measurement systems are employed in
observation algorithm is proposed, which enables eachtroldreless environments based on wireless networking of the
to distinguish between other robots and obstacles, andtthedEEE 802.11 protocol family [25][26] omradio frequency
obtain the reliable center coordinates of the robots. Wéa@xp identification(RFID) [27]-[28]. Their usage makes additional
how to implement the observation algorithm based on DRilformation available to identify a specific robot withoutie
sensors. Finally, we performed experiments to demonstraguipment. Moreover, RSSI measurement systems are not
swarm deployment applications by commercial robots, wheaéfected by any obstacles. Despite these advantages, tBe RS
DRIr sensors allow them to obtain effective relative positi measurement needs other hardware devices, such as reader
sensing. and antenna, separately. Due to low accuracy, it is difficult
The rest of this paper is organized as follows. Section tb deploy large-scale robot swarms using RSSI measurement
gives a brief description of location-sensors used in neobisystems. Differently from wireless environments, a simila
robots. Section Ill presents mechanical design, faboaati technique using infrared arrays has been reported [29]. Its
integration of DRIr sensors, and preliminary results foe thdistinctive features are low-cost, very small size, andyver
design concept of DRIr sensors. Section IV and Section fést update rate and communication. However, it is sudglepti
describe operation functions and the observation alguarithto interference from external signals, and has more réstric
respectively. Section VI illustrates experimental reswdnd line-of-sight.
discusses our future directions. Section VIl explains aan-c ~ Thirdly, the proximity sensors are further classified into
clusions. laser range finder(LRF) [30]-[32], ultrasonic sensor (for
simplicity, sonar afterward) [33][34], anidfrared sensor(Ir)
[12][35][36]. The features of LRF are higher speed, accyrac
and resolution than sonar and Ir. LRF has generally been used
in various applications of mobile robots, but the instédlatof
Location-sensing systems used in mobile robot platforliRF is too expensive. Compared with LRF, sonar and Ir are
can be broadly classified into absolute and relative sensa@mall and low cost. Accordingly, these merits can be diyect
according to whether obtained location data is based oncénnected with the swarm organization of lager numbers of
fixed global reference or the local coordinates of a robot. Taobile robots. Sonar based on time-of-flight distance mea-
begin, the absolute location sensors inclgtEal positioning surement has a longer range than Ir, but is easily affected by
system(GPS) [13]-[15] using at least three satellites, and the hardness of objects, (resulting in reflection and rétrak
central monitoring system such as an external camera [18]-based on parallax distance measurement can be cheaper
[20]. Robots with GPS receivers can obtain their own 3nd smaller than sonar, but is easily affected by the color
D location plus time information. With electronic advancef objects. Irs have less mutual interference between them.
the receiver has been getting smaller. GPSs do not functiRecently, multi-sensor fusion techniques such as camesa pl
indoors, because it is difficult to deal with signal blockagdaser photo detector [37] and RSSI measurement based on
Even though indoor signals are corrupted multi-path amgbnar [38] have been introduced to make the most of mutual
severely attenuated, the recent indoor GPS runs satisfgctostrengths.
[16][17]. If swarms of mobile robots containing GPS recesve
are organized, this entails heavy outlays. The locatiom dat |||
of other robots should be continuously updated through a o ] ]
different communication channel. When utilizing a centrdl- Proximity Sensor Prototype Configuration
monitoring system, the expense for a mobile robot platform Fig. 2 illustrates the configuration and the control schémat
can be reduced. Similarly, robots might be burdened witif the proposed proximity sensor prototype. The prototype
continuous communications. The system requires a gre&t desgely consists of DRIr sensor and DRIr controller. To Inegi
of money to prevent blind spots. DRIr sensor has two MiniStudio MiniS RB90 servo motors
Next, the relative location sensors include cameras [2Hnd one Sharp GP2Y0AO02YK infrared sensor (Ir). Each servo
[24], received signal strength indicatdRSSI) measurement motor is independently controlled by its controller. Onevee
systems [25]-[28], and proximity sensors [30]-[36]. Firat motor rotates up to 180 degrees, thus two identical motars ca
camera mounted on a robot takes a snapshot of its ssweep a full 360 degrees. As illustrated in Fig. 3, the base
roundings. Then, meaningful information is extracted fromotor enables Ir to be directed toward a specific direction,

II. BACKGROUND: COMPARISON OFLOCATION-SENSING
SYSTEMS

PROXIMITY SENSORPROTOTYPEDEVELOPMENT
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TABLE |
SPECIFICATIONS OFDRIR SENSOR PROTOTYPE
Size e DRIr sensor: 5.%9.5x1.8 mm
o DRIr controller: 10<6.5x3.5mm
. e DRIr sensor: 0.05%g
P > Weight « DRIr controller: 0.12kg
2 DRI controller Speed o max. angle velocity: 154leg/sec
Infrared DItk P « min. angle velocity: 14.91eg/sec
il JErisor Other e power:DC 6~ 15V
(c) o external communication: RS-232¢
angle | angle
PWM PWM pair of DRIr
~= 0 sensors Ty
distance _distance : 1
infrared sensor. I DRIr hl infrared sensor ; H ‘
on/off on/off - i
controller h
angle angle goFﬁnltrroller i
PWM PWM rear front E
DRIr sensor DRIr sensor > ¢
|
Fig. 2.  Configuration and control architecture of the praggmsensor front

prototype ((a) DRIr sensor, (b) DRIr controller, (c) comtrarchitecture
schematic)

(a) mobile robot integration

pair of DRIr sensors
DRIr sensor control

. o E
main o=k
) controller digital sensing data

|

p ti trol
(laptop) — mobile platfor
robot state “

(b) overall control schematic
H main controller > DRIr controller

r start M data —/

I Oxffl Oxfe I command I value Ichecksum I

|

(a) rotation of the upper motor (b) rotation of the base motor
Fig. 3. Combined motions of sensor rotation in DRIr sensor

while the upper motor can rotate 180 degrees with respect to
the direction of the base motor. By the combination of the ™ PRIr controller = main controller
base and upper motors, infrared rays can be emitted in a wide 7
variety of directions. Further details on the combined i
are described in Section IV. (c) two kinds of communication packets

Next, in DRIr controller, the Atmel ATmegal2s8 microconfig- 4. Integration of the mobile robot equipped with DRInsers
troller is used to control each motor rotating Ir, and to feed
the measured data to an outside component through an ex- . o )
ternal communication channel (i.e., RS-232c). The cofetrol other robots in the_forward and reverse directions simul-
forwards two-channel control signals to DRIr sensor. Onté”ePUSW- _By a pair of DRIr sensors, the robot can be
signal controls the rotation angle of each motor pyise Provided with a sensing range up to 32t Secondly, a
width modulatio(PWM). The other signal is used for on-off@Ptop PC running Microsoft's Windows XP is used as the
control of Ir. Moreover, the analog output voltage repréisgn Main controller, and is plac.ed on top of the robot. Fig. 4—(t_))
the distance to the detecting surface, where the voltags le91OWs the control schematic of the integrated overall neobil
decreases with increasing distance in a unimodal fashan fr robot. The main controller is linked to DRIr controller and_
12 cmto 160cm [12], is fed to the controller and convertedi© the robot controller through RS-232c. Inputs to the main
to 10-bit digital values. Finally, the detailed specificat of controller include thg digitalized measurement data ared th
the proposed prototype are summarized in Table I. robot state. The main controller forwards con_trol commands
to DRIr controller and the robot controller. Fig. 4-(c) #hu
trates two kinds of communication packets between the main
controller and DRIr controller. In particular, DRIr conlier

Our customized mobile robot is set to organize a swarm obnverts various operation commands from the main coetroll
mobile robots equipped with DRIr sensors. The mobile robotto PWM controlling the rotation motions. Details on these
largely consists of three parts: MobileRobots Pioneer 3-Déommands are further described in Section V. Thirdly, the
as a mobile robot platform, a pair of DRIr sensors, and thaiircular housing is designed for the cradle of the laptop and
main controller. the container of DRIr controller. The border of the housing

First, as shown in Fig. 4-(a), DRIr sensors mounted aepresents the surface geometry whose center point is easy
the front and rear edges of the robot allow it to obserue detect irrespective of the robot's heading. Specificahg

Joxte | FMD | FHs D] FLsD|rRMDIRHS D[R LS D] checksum |

B. Mobile Robot Integration
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rR1 O stop Q! move -0 move| | .~
R2 ) stop 0O stop O 1 move
(a) (b} ' (c)
“ ‘? £ o .
(a) fine rotation (b) coarse rotation
@ 78, ® Fig. 6. Observation results according to the fine and coarsgions
4 1 ; g 5

IV. OPERATIONFUNCTIONS OFDRIR SENSORS

Designed operation functions controlling the observation
motions of DRIr sensor are composed of rotation speed,
(h) @ ) rotation interval, and rotation range functions. As shown i
.o Table |, first, the rotation speed can be controlled in the
range from 14.9eg/sec to 154 deg/sec. Secondly, as the
incremental angle of rotation can be adjusted, the angular
resolution can be controlled accordingly. Here, the in@etal
angle of rotation is controlled by the fine and coarse rotatio
commands, enabling the servo motor to rotate a certain amoun
of degrees at one or two degree interval. Then Ir emits an
infrared ray at each one or two degree interval. Fig. 6 shows
the observation results of DRIr sensor controlled by the fine
housing’s center coincides with the origin coordinatesh®f t and coarse rotation commands, respectively. As expected,
robot. the fine rotation command offers higher spatial resolution
for better characterization of the detected object. Medlewh
the robot can observe the same range more quickly using
the coarse rotation command. Now, we can implement two
methods to control the observation frequency by adjusting

To examine observation effectiveness by the rotation 6fther the speed or incremental angle of rotation.

DRIr sensor prototype, we performed preliminary tests asNext, the observation bandwidth can be controlled through
shown in Fig. 5. Here, the rob@®2 observes the other robotchanging the rotation range in order to effectively impleimne
R1; either of them may stop or move with uniform velocitythe scanning and tracking functions, respectively. Figlus-

Figs. 5-(a) through (c), (d) through (f), and (h) througts@ipw trates the conceptual definition and the combined motion of
the observation results bR2 when the prototype mountedtwo servo motors. For the scanning function, the front DRIr
on the front edge oR2 rotates 240 degrees, the prototypsensor scans from -120 degrees to 120 degrees in azimuth with
rotates an assigned range while following the moving dioect respect to the heading of the robot, as illustrated in Fita)7-

of R1, and the eight fixed prototypes are mounted on thdere, the base motor rotates 180 degrees, and the upper motor
front edge ofR2 at intervals of 30 degrees, respectively. Thadds another 60 degrees. The remaining 120 degree range
following three motion cases were consideredRI)andR2 cannot be observed, since the line-of-sight path is blocked
were stationary in Figs. 5-(a), (d), and (h),R)1 moved away by the housing, but is covered by the rear DRIr sensor that
from R2in Figs. 5-(b), (e), and (i), and 331 andR2moved scans the same range in the opposite direction. Therefore,
away at right angles or perpendicularly from each other i pair of DRIr sensors can cover a full 360 degrees. The
Figs. 5-(c), (f), and (j). From the results, we were convihcescanning function may be useful in checking the presence of
that the prototype rotation can provide real robots with mu®ther robots. On the other hand, for the tracking function,
clearer and better organized location information tharfidesl  after the base motor turns toward a target, the upper motor
prototypes. More specifically, results of the assigned eantptates a certain limited amount of range on each side of the
rotation provide a fairly dense pattern of data, which can Isirection of the base motor, as illustrated in Fig. 7-(b)ugh
effective in tracking a continuously moving robot. As showihe tracking function is basically designed to follow asselly

in Fig. 5-(h),R2 could obtain only two data point. Also noteas possible a moving robot. By changing the rotation range,
that R2 roughly recognizes the movement directionRif in it becomes possible to control the observation bandwidth.
Fig. 5-(j), but it is impossible to compute center coordasat A proper combination of desired observation frequency and
of R1due to insufficient data. To pursue sufficient data, DRandwidth settings can be obtained depending on the purpose
sensor prototype was developed with 360-degree obsenvatémd circumstances.

capability, as the basic function, and with a particular bagis In Table I, an experimental comparison on the performance
on variable scanning range and speed, as extended functi@idHokuyo Ltd's URG-04LX and DRIr sensor is summarized.

Fig. 5. Observation results by ti2robot according to three test conditions

C. Preliminary Test Results
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observation range

360 degrees observation

rotation of base motor

front

-120°

rear  / 120°

rotation of uppef motor

(a) scanning function

rotation of upper motor

direction of
base motor

front

assigned degrees observation

rear

d

max Cais dmin

dis‘:rf;gs IR 1010 1001 981 970 959 1003 1025 1033 | IR
] - 2 -]
RN 5 2 51 oso 40 43 47 46 |ERIEE

array
c .
Dnax ang Dnin

(a) distance and angle arrays

~

x,0 X0

Prax

Prax
[ ]

Puin ||

(b) measurement step (c) extraction step

/. /

X0 X0

(b) tracking function

Fig. 7. lllustration of two observation bandwidth funct®oanabling a robot P
equipped with DRIr sensors to control rotation degrees )
TABLE Il
COMPARISON BETWEENURG-04LXAND DRIR SENSOR ®
Pmin
URG-04LX (LFR) | DRIr sensor @ ]‘,,- it
)
Price (USD) 1200 50
Observation Range 240 < max. 360 (d) calculation step (distinguishin(g) calculation step (estimating the
(degree) (fixed (adjustable bots f biect t int of bot
Frame Raie 10 min. 0.85< robots from objects) center point of a robot)
(Hz2) (adjustablg Fig. 8. lllustration of the observation algorithm
Angular Interval 0.36 min. 1 <
(degree) (adjustable
Accuracy (nm) +7 + 26 ] ) )
(objects 1m away) (a). Here, the dimension of each array can be automatically

adjusted according to rotation intervals and ranges. When
scans its environment using DRIr sensors at the assigned
intervals, the distances to the surfaces of objects inetudi

Note that the frame rate in DRIr sensor varies according t8bots are recorded in the corresponding cell of the firsharr

the range and speed of scanning or tracking. Moreover, tk{a . . .
) ) . the same time, the motor angle is recorded in the second
observation resolution depends on the incremental angle’ of

: array, so that the distance array corresponds to the mogbe an
rotation. o .
array. Next,r; checks its distance array cells that contain a
non-zero value (from the lower bouwy,;,, to the upper bound
dmaz) @nd reads the corresponding angle array cells. As shown

Before explaining the algorithm, notations frequentlydisen Fig. 8-(b), the distance and angle data are convertedyo
in its description are defined. We consider a robptwith coordinates with respect tiy ; and/, ;.
local coordinatesl;,i and fyL as illustrated in Fig. 8. Here, Secondly, the extraction step extracts more reliable data
l;,i defines the vertical axis of;’s coordinates as its headingfrom the measurement data with respect to a reference. For
direction, andfw- denotes the horizontal axis by rotatinghe purpose, a 8& 80 2-D grid with 4cm x 4 cm unit cells
the vertical axis 90 degrees counterclockwise. Moreover, tis built, as shown in Fig. 8-(c). The converted coordinates
center position of a robot; is defined ag; with respect to its in the measurement step are simultaneously stored in the
local coordinates. The distance between the repstposition corresponding cell of the grid as an integer intensity value
p; and another robot;'s positionp; is denoted adist(p;,p;). Once the rotation of the assigned range is completed, the
The proposed observation algorithm aims at distinguisBobel edge detection algorithm [40] is employed to improve
ing between homogeneous robots and obstacles within the original surface detection data.
coverage range of DRIr sensors, and obtaining reliabletrobo Thirdly, the calculation step differentiates robots frotm o
positions. The algorithm is described through the threpsstgects, and then identifies the positions of the robots. The
detailed below. First, the measurement step constructetwe cells estimated through edge detection are collected, lamd t
dimensional arrays in the memory ef as shown in Fig. 8- distance and angle arrays are re-arranged according to the

V. OBSERVATION ALGORITHM AND ITS EVALUATION
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(a) test scene (b) measurement (c) extraction  (d) calculation 10007 45 ! 4 g
Fig. 9. Observation process of the neighbor robpby the robotr; ::Z 980 i
9401 mean position:
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\“ _‘/ N 0 ~ O (a) r;'s center point in the measurement step
. 1100+ 7
() test scene (b) measurement (c) extraction  (d) calculation 1080 “x.i -14 27 Lmm]
Fig. 10. Observation process of multiple robots and obssably the robot 10601 TM -
T 1040+
10204 1014 N
1000 27 !@j y
corresponding grid cells. Then; newly defines the distance se0] 987 mean position:
arrays fromd,,i, 10 dmae. Similarly, it defines the angle 9601 “(1001'63’5.91)
arrays froma,,;, 10 anq.. corresponding to the distance 9401 -
arrays. Here, the two geometric feature points,, andp.,q. 920 / i
are specified usingli, and amin and dmee and amaq, %00 B0 G0 4o 30 8 20 40 60 80 100
reSpeCtIV?Iy' Nextr; Com_pUteSdZSt(pmi"’pma”) e}nd C,heCkS (b) r;’s center point in the calculation step
whetherdist(pmin, Pmaz) iS lOnger than the housing diameter. 12
If dist(Pmin, Pmae) €XCEEdS the diameter, the collected cells L [rmm]
are considered to be obstacles, as shown in Fig. 8-(d). Oth-
. : 1100
erwise, these cells are considered to be robots. Note that, t
identify the robot shape, there are two further conditianbe
satisfied. Details on the conditions are found in [12]. Tiytou 1000 ;
the above process, if robots are recognized, a center ppint B
can be obtained by adding;; to th_e housmg’s radluqr (see 900 measured boundary of
Fig. 8-(e)). Note that the observation algorithm requidsots g 4
to be initially positioned a minimum distance of 160naway | /J.A,
from DRIr sensors, with a clear line of sight. 80 39 t ' #s By
To demonstrate the verification of the observation algorjth , . .
. . . . (c) average boundary of;’s estimated center point
we performed two kinds of tests. In the first test, seen in Fig. _ _
. . . [EI mean value, A:maximum value, @: minimum value]
9-(a),r; observes its neighbor; located 100cm away. Figs. 1030

9-(b), (c), and (d) show the data processing results oldaine
through the measurement, extraction, and calculationsstep
respectively. Compared with Fig. 9-(b), Fig. 9-(c) shows en
hanced surface detection by eliminating blurred and distor
edges. Finally,; could recognizer; as shown in Fig. 9-
(d). Next, Fig. 10 presents the observation results with two
neighboring robots and obstacles. Similarly, comparedh wit
Fig. 10-(b), Fig. 10-(c) shows enhanced surface detection.
Moreover, as shown in 10-(d}; could distinguish between
robots and obstacles. From the results, the proposed dgori

= 10201

990

distance measurement (mm
3 2
o o
; ;

©

=3

o
1

| I :
: ] ==
-

.

.
.

DRIr sensor LRF
(calculation step) (Hokuyo Ltd's URG-04LX)

DRIr sensor
(measurement step)

using DRIr sensors could provide robots with enhanced ob- (d) comparison between DRIr sensor and LRF

servation capabilities. Fig. 11. Estimation of-;'s center point in Fig. 9-(a)

VI. EXPERIMENTAL RESULTS AND DISCUSSION

This section presents the experimental results for the ob-First, analytic experiments were executed to evaluate the
servation capability of DRIr sensors, their operation oolst effectiveness of the observation algorithm, with the rssaf
and formation control applications of mobile robot swarins. 300 trials in the condition of Fig. 9-(a). Figs. 11-(a) and (b
our experiments, we use homogenous robots, each of whiclsli®w the estimation results of’s center point through each
equipped with a pair of DRIr sensors, but unable to identifstep of the process. Compared with Fig. 11-(a), the proposed
each other. DRIr sensors emit an infrared ray every one degralgorithm enables the estimates to be gathered around the
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Fig. 13. Observation results for the scanning and the tackinctions ((a) positions occupied by the robots
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function)
900 - T4
a00- it
mean position in Fig. 11-(b). From the result, it can be 700 ,.v | *etetiay
confirmed that the algorithm is effective in enhancing its ool
accuracy. Fig. 11-(c) shows that the average error in estima 500
the center poinp; of r; resides within a 2.6m radius circle. 400 |
In other words, this numerical value indicates the average 300
distance error rate iE 2.6% when the target robot is apart 200
1000mm distant fromr;. In similar fashion to Fig. 9-(a), Fig. 100 /-
11-(d) shows the results of statistical analysis of distarior; (3 Y 7 I
-800 -600 -400 -200 V 200 400 600 800

estimated by DRIr sensor and Hokuyo’s URG laser scanner
(LRF). Here, the squares, triangles, and circles indichée trig. 16.
mean value, maximum value and minimum value, respectively.
The whiskers represent the range 6t o 95% confidence
intervals, and the boxes indicate distributions of meabsdeta

in the range of 2% to 75%. LRF outperforms DRIr sensor

in terms of accuracy, but DRIr sensor also shows reasonably
good accuracy. Fig. 12 presents the statistical analysidtse

of 300 trials over distances tg measured at intervals of 100
mm in the range of 40@nm through 1600mm. Although

the measurement accuracy is degraded at a long distange (i.e
far away from 1100nm), from the results that we have seen
so far, DRIr sensor observation capability can be consitlere
quite satisfactory for practical use.

Secondly, to differentiate between the scanning and track-
ing observations by DRIr sensors, two kinds of tests we
performed. Above all, Fig. 13 presents observation results
obtained by the scanning and tracking functions, respalgtiv
As shown in Fig. 13-(a), the robet simultaneously observes

Estimation of-;'s center points in Fig. 13-(b)

. 17.  Geometric local interaction forming an equilater@angle by 3
bile robots
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Fig. 18. Self-configuration by 5 mobile robots in a free oppace Fig. 21. Experimental results for one row pattern genematio

Fig. 19. Self-configuration conforming to a flat border

Fig. 22. Experimental results for a diamond pattern geiwerat
r; -
o ¥ T 117 o 4o are observed simultaneously through a pair of DRIr sensors.
@ O o Specifically, Fig. 15 shows the results of statistical asialy
O © of estimated distances between the robots. Here, the square
. g triangle, and circle indicate the mean value, maximum value
AN and minimum value, respectively. The whiskers represent th
(a) observation in Fig.  (b) observation in Fig. range of 5% to 95% confidence intervals. Fig. 16 presents the
19-@) 19-(b) observation result for a moving robef in the same fashion
' as Fig. 13-(b). Similarly, Fig. 16 shows thatcould compute
o - the center points of; moving within the velocity. From the
R Q . results, DRIr sensor observation capability can be consitle
{'f Qg Qo ; quite satisfactory for practical use.
e Of0 Thirdly, to verify the effectiveness and feasibility of DRI
‘ sensors in swarm deployment applications, we demonstrated
. three kinds of experiments: 1) self-configuration [5][3Bat
(c) observation in Fig. (d) observation in Fig. enables robots to configure themselves into an area while
19-(c) 19-(d) forming equilateral triangle lattices, 2) pattern genera{3]
Fig. 20. Observation results during self-configuration ig. FL9 to create geometric shapes where the robots track theittarg

robot according to the desired shape, and 3) flocking [7] to

make a coordinated group movement. In these experiments,
five neighboring robots using the scanning function. Theltesrobots are initially located at arbitrary positions witHfeient
clearly shows that DRIr sensors can cover a full 360 degreégading directions. They attempt to form a coordinated genfi
Fig. 13-(b) presents the consecutive observation resoita f uration starting from na priori coordinate agreement, moving
neighboring robot:; moving with non-uniform velocity, using with a linear velocity of 150nm/sand an angular velocity of
the tracking function. Note that the tracking function w&rk100 deg/s The desired inter-robot distaneg, in formation
satisfactorily, even if the velocity of; fluctuates up and down patterns is 80cm. At any time, the deployment algorithms
rapidly. enable each robot to compute its position at the next time ste

Next, experiments were performed to provide quantitatileased on the observation algorithm. These iterative ditiva

analysis of the scanning and tracking observation by DRdre controlled by the main controller.
sensors. As shown in Fig. 14-(a), eight neighboring robm#s a As shown from Fig. 17 through Fig. 19, self-configuration
deliberately positioned around. Figs. 14-(b) and 15 show experiments were performed. Figs. 17 and 18 show the
the scanning observation results of 300 trials when robasapshots of the self-configuration process in an open space
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Fig. 23. Tracking a target moving along a square trajectory

o
Oa@r,

™,

O

(a) observation in Fig.

(b) observation in Fig.

23-(a)_ 23-(b)
o
~ O pl
O Qe o Odm

solved. First of all, to distinguish between other robotsl an
various objects quickly and accurately, it can be advanta-
geous to fuse DRIr sensors and RFID systems for extending
swarm applications in obstacle-cluttered environmeritss |
also required to develop recognition algorithms suited for
different types of robots. Specifically, to provide the rtsho
with reliable shape recognition capability for various exdif,

we are currently working on developing a more sophisticated
proximity sensor prototype capable of translating andtiga
observation motions.

VIlI. CONCLUSIONS

In this paper, we addressed practical design and hardware
implementation of the DRIr proximity sensors for mobile
robot swarms. Features include low cost, high reliabikiyd
easy integratability into commercial mobile robots. To nhai
provide robots with full 360-degree azimuth scanning and co
trollable range-tracking capabilities, the operation clions
controlling the observation motions were realized. Based o
the proposed observation algorithm, each robot could obtai
relative positioning information, as well as distinguiskigh-
boring robots from obstacles in an unknown environment. The
hardware prototype and control schemes were implemented
employing commercial mobile robot platforms. Extensival re
robot experiments were performed to show the validity of the
proposed features. Specifically, we successfully dematestr
three deployment applications of a swarm of mobile robots.
Finally, DRIr sensors can be cost-effectively applied tdite
robotic sensor networks for unmanned surveillance mission

23-(c) 23-(d)
Fig. 24. Observation result of; during the target tracking in Fig. 23
1

Three-robot and five-robot swarms could generate equilater 2]
triangles withd, between neighboring robots. Fig. 19 shows
shapshots of the self-configuration process in a geogralhric
constrained space. In Fig. 20, the output of the rob®&
observation result at each corresponding process steg.id @i
is shown. Moreover, the area border (wall) was also detectedf!
by DRIr sensors. Next, neighbor-referenced pattern génera
experiments were performed. Figs. 21 and 22 show how tgds]
generate one row and diamond patterns by the four robots,
respectively. Robots follow their neighbor robot by keepin (g
d,, and a predetermined angle according to the desired shape
until the neighbor stops moving. In Fig. 23, three robotsrfor 7
an equilateral triangle while a target robot is teleopetéie a
human operator. Fig. 24 displays the results of observation
other robots performed by;. After starting from the initial  [8]
random distribution in Fig. 23-(a), two robots succesgfull
tracked the target with which they form an equilateral tgi@n  [9]
From these results, we have verified that robots equippédd wit
DRIr sensors could self-configure themselves into an area,
generate geometric patterns, and navigate while maingini [10]
equilateral triangles under our laboratory conditions.

We believe that the proposed DRIr sensors will work well;
under real world conditions, but several issues remain to be

(3]
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