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movements [1]. There are several steps in the mamif

Abstract—To explore pipelines is one of various bio-mimeticSystem, including collecting, saving, conditionamd analyzing

robot applications. The robot may work in commoiidings such as
between ceilings and ducts, in addition to compéidaand massive
pipeline systems of large industrial plants. Thefimetic robot finds
any troubled area or malfunction and then reptstdata. Importantly,
it can not only prepare for but also react to dmyaamal routes in the
pipeline. The pipeline monitoring tasks requirecspletypes of mobile
robots.For an effective movement along a pipeline, the eneent of

the robot will be similar to that of insects orwtamg animals. During

its movement along the pipelines, a pipeline maimgprobot has an
important task of finding the shapes of the apphoar path on the
pipes. In this paper we propose an effective smuto the pipeline
pattern recognition, based on the fuzzy classificatules for the

measured IR distance data.
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. INTRODUCTION

HERE are usually various kinds of machines anceextdy

long pipelines in manufacturing plant systems. Assult,
many kinds of signals produce a large amount oé datbe
monitored. Besides complex and huge pipeline systdrarge
industrial plants, many areas such as betweemgeifind ducts
of common buildings need to be monitored. Periddic
monitoring of a massive factory area, however, oabe easily
performed. Furthermore, system failures often §tant a small
leakage caused by years of the pipeline’s gradei@ridration.
While noticeable pipeline leakage and blockage easy
problems to resolve, a small leakage is difficalspot simply
by monitoring. In this paper, we present robots sehfunction
is to collect data that will make sure to detecy abscure
leakage and deteriorated pipelines. A set of maduite
measurement Sensors, navigation, actuators and goicetion
is attached in the robot so that it can collectadatith
intelligence and a better maneuver.

Once a malfunction is recognized, the monitoringtey

enables a robot to formulate appropriate resporeses
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data, but one of the most important tasks is td finadvance
the shapes of the upcoming path on the pipes wihdeobot
moves along the pipelines. Among many differentpsisaof
pipe patterns are bends, ramification and cro$sehis paper,
an effective method of the pipe pattern recognifarpipeline
monitoring robots is presented. We propose ourtisolibased
on the fuzzy classification rules for the measuiedistance
data [2].

Il.  BIO-MIMETIC ROBOTS MOVING ON PIPES

To find abnormal conditions of a pipeline, the ntoring
system collects, saves, and examines data. Sothe systems
that are currently used include DAS (Data AcquisitSystem),
SCADA (Supervisory Control And Data Acquisition Sm),
and MAP (Manufacturing Automation Protocol). Thegstems
collect monitored data and transfer the data tocomputer
through LAN to save and examine them.

The biggest disadvantage in the conventional mdngo
system is that the observed and monitored spotdixae. It
needs to pick the most appropriate area as itsdaten
measuring points so that it can distinguish noromlditions

a(rom abnormal [5]. The proposed monitoring methad fan

advantage of active searching due to mobility anstaint
analysis. When an abnormal condition is recognitee robot
reports the data to prevent further problems astesy failure.
The monitoring system, in addition to fixed sensamdds
moveable observatory points, which are the robatsthe
pipelines. The robot, which is equipped with aafainodules,
can report the measured data while searching ith pa
autonomously based on the real-time location of vhet.

In a factory environment, pipe monitoring robots ased to
locate abnormal conditions caused by depreciatiod a
deterioration of the factory machines. The roboamsssistant
to a professional engineer replaces a person whpedats
hard-to-reach areas including pipelines. The ralisx collects
data and reacts to its sensors. These bio-mimetiots are
useful not only in industrial environments but al$o
skyscrapers and any buildings where a regular ahpedk
essential. The robot collects enough data to laratélesome
areas and even predict a possible malfunctionvarck.

A factory pipeline as well as water supply and wiage, gas
pipes, or an air duct would be the most appropgatéronment
for this bio-mimetic robot. Since deterioratiorrédatively fast
and the replacement is extremely costly, thesesaneguire a
periodic checkup. Because of the complexity ofgipelines, a
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small, delicate robot would be much more approeriatr
examining the areas than a man.

To inspect the areas, the robot must be able teerfreely
throughout the pipelines. A suitable type of roffoduld also be
able to withstand factory pipeline’s condition atiducture. The
measured data of a pipeline are collected andritiesl to a
server to find any abnormality such as leakageatidn, or a
temperature change. Since it should perform prgpas a
mobile agent, the robot needs to be built in a prghape and
attached with driving module and interface inclydan battery
pack as well as position and path-finding algorghBesides, a
server is necessary to report the exact locatidgheofobot and
communicate information to each other.

Our proposed bio-mimetic robot can collect the daya
moving freely along the pipelines. The robot agssistant to a
professional engineer is the monitoring system kHiads
abnormal conditions of the pipeline by collectingida
processing the relevant data. These robots arelesgecially
in large buildings, let alone in industrial enviroants, where
complex facilities are operated. The monitoringatakhould be
able to collect enough data to locate a varietgystem failures
and predict the data patterns so that the mong@ystem can
prevent any possible malfunction beforehand.

CONSTRUCTION OF AMONITORING ROBOT SYSTEM

A. Microcontroller Units

Serving as the robot's main intelligence part,
microcontroller exchanges information and commanids the
server by using the Bluetooth module connectechéoserial
communication ports. In order to control many senators of
the robot while recognizing its path on a pipelimere than one
separate  motor controller is used and other

appropriate commands. In that way, the microcolaras able
to avoid heavy loads and collect and analyse thecsedata
such as vibration, noise and temperature. Figushdws a
microcontroller unit playing the role of the robebrain.

Relay for SMA wire

Fig. 1 A microcontroller unit for a pipe robot

B. Grippers

The gripper is an implementation device to firmiypgthe
pipe and a set of relays is used to provide orodisect the
electricity to the shape memory alloy wires. Thiger using

the
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the shape memory alloy is placed at the end ofatearms of
each robot. The end-effector of the robot, actuadlging a grip
of the pipe, is depicted in Figure 2. The grippanade up of the
gripping part, the joints, and the shape memonyallires used
to move the joints. As the temperature rises, oy aontracts
when consistent electricity is provided. The coctican of the
wire makes the joint move and makes the ends ofjtipper
separated from each other. When the electriciutsoff, the
shape memory alloy returns to its normal and tlgper grips
the pipe by the power of springs which form thegsi Basically,
the pipe climbing robot holds a grip of the pipedpying force
when no current is supplied to the shape memooy alires. In
order for the robot to move, the gripper moves ohis four
arms forward by taking the ends apart and moviegathgle of
the joints connected to the servo motor. For theedaarm to
stick to the pipe, the electricity to the shape mgmwire is
disconnected. Once the sufficient power to grip plie is
applied, the other arms are moved either forwatthekward of
the pipe, according to the given commands. The gliipebing
robot weighs about 570g with the batteries inclydadthe
initial state, the wire is 52mm in length. The gap has the
angle of 30° but, when the wire contracts and reath 49mm,
the angle is 45°.

Fixed wire ‘

Fig. 2 Gripper structure of a pipe robot

serialc, Shape Memory Alloy Wires
communication ports are used so that they can egeha

The elasticity of the spring is so strong thataih avithstand
the weight of the body. The fixed wire is used tevent the
unnecessary power from adding to the shape menitoy a
wires, as shown in Figure 2. The fixed wire sustaihe
elasticity of the spring at the initial status battthe SMA wires
are not loosened. At this status, the shape meaitmy wire is
pulled enough not to allow no additional power kattthe
highest power can be obtained when contracted.

The shape memory alloy which was used for the robot
grippers has the radius of 0.004 inches and itrésistance of
about 3Q per unit. If the electricity is provided to thdog), the
temperature of the wire rises and there will beuat®5%
contraction. At this time, tension for the unitline about 150g.
To increase the tension, several wires are usedralel. The
alloy wire, which was used in the experiment, shtveslargest
contraction at 70°C, and the excessive rise in &gatpre harms
the nature of the shape memory alloy. It has theedsion of
320x180x190mm when expanded by operating the joator
of the robot. On the other hand, it has the dinmnsf
180x160%x170mm when contracted.

Two wires, which are about 10 inches long, arealted at
four places where force is applied. Therefore, eammected
wire has the tension that can handle a weight 6§1%= 1200g.
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The set of wires is installed at both ends of egwpper; the
total power comes to approximately 2.4Kg. The entiire has

the resistance of 14 and when the voltage of 5V is given, it has

0.37A and the contraction shows the variation Gfdt®ne joint
of the gripper and indicates about the variatioB@f in total.
The constructed gripper structure for the pipe lolig robot is
shown in Figure 2.

D. Body Integration
The robot collects data on leakage, vibration eongerature

changes as it moves along the designated courges.

immediately reports them to the server system. Tieisystems
should include the proper robot structure, sensarsi the

interface with actuator modules, which can restiesproblems
with the robot's movement and performance. Sinaerobots

move autonomously, the power, location recognisensors
and algorithms, and the communication module withderver
are needed.

The robot takes the routes according to the ruteghat
maintenance of the pipelines can be ensured. ideritifies the
existence of the pipeline which it needs to mowengl the
robot’s sensors recognize the complex pipelines.

Relay for SMA Wire -
: PR

Vibration &
Temperature

Battery Sensor
Motor
e Controller

Bluethoth

Fig. 3 Integration of functional units for a pipzbot

E. Sensor Module

Unlike the conventional methods of pipeline moniigr
which collect data by sensors attached on fixedispahe
proposed method depends on mobile robots having
fundamental advantage of mobility over the converal fixed
monitoring posts.
bio-mimetic robots on the pipes while collectingasarements,
it is possible to track directions that have higbessibilities of
malfunction in real time modes. Practically, thisd of real
time dynamic monitoring method is crucial when ishgating
possible future failure and protecting the plants.

Sound data collection of pipelines is describec agpical
sensing data for diagnosis. A variety of methodsooind source
localization have been developed, based on audigbi
information [12]. The basic features of the souighals to
determine the directions and distances of sounttesiare the
interaural time difference(ITD) and the interaurkdvel
difference(ILD) from a sound source to each miciamh

Because of free movements of the
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I Fig. 4 Circuit of a stereo microphone system

We use a simple estimation method of sound direstigith
microphones only, due to the restriction of compatatime
and resources in a mobile robot system. The cadlonkgof the
interaural time difference(ITD) and the interaurkdvel
difference(ILD) from a sound source to each micahor the
analysis of the average magnitude difference fan¢AMDF)
signals for short-time intervals are not applied get the
estimation quickly. Only sampling of microphonersits, A/D
conversion and simple algebraic calculations arglieg to
obtain the differences of the right and left midiope
measurements, which are directly related to thendou
directions.

Besides sound data by similar methods, acceleratimh
temperature data associated with possible leakity@tion, or
temperature changes are typical signals collectgdthe
monitoring robot.

The robot operates either automatically or by rencaintrol,
and collects and analyzes data before transmittiegh to a
server. A diagram of microcontroller and periphemglipment
for the robot is shown in Figure 5.

Vibration
Microphone
Temperature

Camera/ ADC

Motor and Infrared sensor

USART! RXITX
11520Cbps

f

a

Bluetooth
or USN

MSP430F14¢ —» SMA wires (4ct

USARTO RX/TX

USARTC RX/TX

RC Servo motors
(1Z2ck;

Motor Controller
(8ct 2sets)

Fig. 5 Functional block diagram of a pipe monitgriobot
F. Noise Rejection

Two main sources of noise are environmental souodral
the robot and noise from actuating motors insidetet body.
Since the main spectrum of the motor noise haséhrhigher
range than that of signals from pipelines, it isyet filter out
the effect from the motor sound. The sound of emrirental
noises, however, has a similar spectrum range &b df
interested signals. The environment signals ateerainiform
around the robot, and the measured signals duentneat
noises are similar at each microphone. Therefoteenthe
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measured signal at the left microphone is subtddfcten that of as collecting, saving, conditioning, and analyzidgta.

the right one, noise components due to ambieneranis nearly Nevertheless, one of the most important tasks fobat during

cancelled out. The subtraction can reveal the é@sted its movements along the pipelines is to find thapsts of the
component that arrived at the left and right mi¢r@pes approaching path on the pipes. The recognitionhef pipe

differently due to different approaching angles. shapes beforehand determines the gait commandshéor
When the sound direction of the interested sigaaé_sti_matgd, movement of a robot. There are many shapes of gperns

a mobile robot turns its head to the near directidnich is  g,ch as bends, ramification or crosses. An effectlution is

p935|ble on the plpellneg. Sound distances fronstheces to proposed to the pipe pattern recognition for pigefinonitoring

microphanes are not estimated due 1o the randonmiessind robots. Our solution is based on the fuzzy clasaiion rules for
source levels. the measured IR distance data.

Motor

i Infrared sensor

2
7z
;
7z
":r/ i~ 1"
i i
N i i
AN | |
AN | |
. | |
AN | |
AN | |
AN i i
N i i

(a)Bend: one detection

1] Pipeline | | \ |

Motor Infrared sensor

Pipeline

Sensor

(b) Ramification: two detections

(c) Cross: three detections

¥ %

(d) Different cross shapes
Fig. 7 Pipeline patterns

Fig. 6 Scanning IR sensor module

A. Scanning IR Sensor

o o ' Figure 6 describes the basic sensor module. ls¢aaning IR
The pipeline monitoring process includes seveegstsuch distance sensor. The moving rod is connected throag

IV. PIPEPATTERN RECOGNITION
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potentiometer at the head of a robot.

The scanning range is from -7 75 and then back to -75
to complete one cycle. The scanning time for tres fialf cycle
is 9.5 sec. including distance measurements. Tdrensng time
for the second half cycle is 1.4 sec. without mezrsents. The
IR distance measurement time is 1/20 sec. so ®tséts of
distance and angle can be obtained during a scd®. cy

B. Pipeline Patterns

We assume that the pipeline patterns to be cladsiire
shown in Figure 7. Since the crawling robot caratetat the
same location on a pipe into different positiohs, patterns are
assumed to be in two-dimensional.

C. Sensor Specifications

The sensors on the scanning module are an IR destensor
and a potentiometer. The IR measures distance tdathe
pipelines; a potentiometer measures the angleeostlanning
rod at the instance of IR distance measurement.

3 10 15 20 25 30 35 a0

eeeeee

Fig. 9 Potentiometer specification

D. Sensor Data

The measured data are signal conditioned throuigisfiand
an amplifier. Figure 10 shows a typical example trel pipe
shape is the case of an angled cross.

The measured data sets of distance and angle@xa &h(b),
and the corresponding data set for the fuzzy dleséput are
shown in (c). Only the measured IR sensor outplages of (b),
which are greater than a certain level, are shawft) where
background noises are eliminated.

E. Fuzzy Classifier

There are two steps of the classification. The 8tsp is to
find the number of pipelines from the grouped samgptata.
One, two and three groups of sampling data reptékercases
of bend, ramification, and cross, respectively,saswn in
Figure 7 (a), (b), and (c).

The second step is to find the angle of pipelimesfch case
of Figure 7 (a), (b), and (c). The degree of digarey in

symmetry corresponds to the angles of the eachafdSgure 7
(a), (b), and (c).

As shown in Figure 10, for example, the group ak¢h
unsymmetrical samples conforms to the pipeline shafpan
angled cross. The fuzzy rules are typically based o
ANFIS(Adaptive-Network-based Fuzzy Inference Sysieto
infer pipeline shape recognition.

(c) Input data for fuzzy inference

Fig. 10 Measured and fuzzy classifier input data
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¢ ¢ A A

‘ Classify pipeline structure and angle

Fig. 11 Fuzzy logic flowchart for pipe pattern déisation

F. Recognition Results

Figure 12 and Table 1-4 show the recognition resufitthe
fuzzy inference rules. The classification of thpeppatterns of
(@), (b), (c) and (d) in Figure 7 are shown in Fegu2,
respectively. The test results of 28 pattern casidal are quite
satisfactory in terms of safety margin and low @egrof
standard deviations as shown in Table 1-4.
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- e ANFIS Output F — — b — — —
leane

trials

(a) Case 1 (one detection)
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(b) Case 2 (two detections)
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O  Training Data
*  ANFIS Output

(d) Case 4 (Cross sections)
Fig. 12 Test results of ANFIS inference

TABLE | RECOGNITION RESULTS FORCASE 1

Error Standard Deviation
-90 -4.8199%¢e-6 3.5655e-6
-75 -9.3913e-6 2.7576e-6
-60 -7.4995e-6 2.3301e-6
-45 -3.4581e-6 7.4083e-7
--30 -2.1448e-6 1.5991e-6
-15 -1.4285e+0 2.2016e+0
0 9.9782e-20 2.2312e-19
15 2.4353e-6 1.6215e-7
30 1.8687e-6 1.7738e-6
45 2.5959e-6 3.3552e-7
60 1.5175e-6 0
75 2.1249e-6 0
90 6.1897e-6 1.8378e-6
TABLE Il RECOGNITION RESULTS FORCASE 2
Error Standard Deviation
Class 1 6.2125e-8 1.8875e-8
Class 2 0.0347 0.0776
Class 3 0.0947 0.1412
Class 4 0.0500 0.1118
Class 5 0.0625 0.1398
Class 6 2.0863e-7 1.3748e-7
Class 7 1.1184e-7 1.6381e-7
Class 8 2.7889%e-7 1.3100e-7
Class 9 1.1179e-7 9.8018e-8
TABLE lll RECOGNITION RESULTS FOFCASE 3
Error Standard Deviation
Class 1 -0.0066 0.0235
Class 2 -0.0043 0.0088
Class 3 0.0255 0.0577
TABLE IV RECOGNITION RESULTS FORCASE4
Error Standard Deviation
Class 1 9.3455e-3 2.7514e-2
Class 2 1.9586e-2 3.2044e-2
Class 3 8.7662e-4 6.9162e-3
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V. CONCLUSION

Several steps of collecting, saving, conditionirand
analyzing measured data constitute the pipeline itovimg
process. One of the most important tasks for atrafmving
along the pipelines is to find out what shapeajgheoming path
has on the pipes. Among many different shapespaf patterns
are bends, ramification and crosses. Recognizirg pipe
shapes ahead of time determines the route comniandse
movement of a robot. Based on the fuzzy classificat
inference rules for the measured IR distance datg@ropose an
effective solution of the pipe pattern recognitimn pipeline
monitoring robots.
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