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Abstract: The paper demonstrates a following rolth omnidirectional wheelswhich

is able to take action to avoid obstacles. The robot design is baseotlofuzzy and
extension theory. Fuzzy theory was applied to tune the P8iydal of the motor
revolution and correctpath deviation issues encountered when the robot is moving.
Extension theory was used to build a robot obstact@dancemodel Various mobile
models were developed to handléferent types of obstaclesThe ultrasonic distance
sensors mounted on the robot were used to estimate the distance to olistaclgstacle

is encountered, the correlation function is evaluated and the robot avoids the obstacle
autonomously using the most appropriate mode. The effectiveness of the proposed
approach was verified through several tracking experiments, which demanshate
feasibility of a fuzzy path tracker as well as the extensible collision avoidance system.

Keywords: extensiontheory, fuzzy theory, obstacleavoidance omni-directional mobile
robot ultrasonicsensos

1. Introduction

The development odmnidirectional wheel systems has made it possible to build robots that can
move laterally without needing to rotate. Several researchers have employedirectional wheels
in their robot designs. A dynamic model and a nonlinear madsleeare exploed in [T 3], where an
omntdirectional vehicle is equipped with up to three motor sets. UsiRgeld Programmable Gate
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Array (FPGA)as the control core, a mutibbot [4] was developed by integrating a robot arm into an
omntdirectional mobile robot, elding better interaction between the robot and users.

Many factors can cause path deviation in a robot, such as variation in motor mechanical tolerances
power output, the weight borne by wreehnd even the ground surfadbus, path déation is
unavoidable This study employs a compensation approach based on a motor encoder using fuzzy logic
to resolve the problem of straight path deviation [S\tor revolutions are evaluatedded on the
feedback pulses that are dispatched from the motor enatgfcific intervals intervain order to tune
the value othe Pulse Width ModulatioPWWM), and thus, the specified motor revolutions are set.

Several approaches have been employea/éad obstacles. These include lasang infrared [8],
vision systera[9,10], and wall followingusing ultrasonic sensors [113]. Extension theory was proposed
in 198 to solve contradictions and incompatibility problems. It consists of twodpartgterelemen
model and extended set thedrgnd can be applied talassification or fault diagnosid4]. Fuzzy
theory, proposed by L. A. Zadeh in 1965, uses fuzzy rules and fuzzy inference to replace complicated
equations.lté widely used in robot control [15]n this paper the obstaclavoidance system is
modeled as mukiimensional obstaclavoidance matteelements, where the names of the extension
matterelements are the same as the number of obstscidance modes. The proposed approach
utilizes ultrasound to complete the task and to implement tliemeéement extension model. In this
way, obstacles can be modeled and an optimal tracking approach is implemented.

This paper is organized as follomSection2 describes the hardware configuration of the robots.
Section3 introduces the omsdirectionalwheekd mobile robot designed usirigzzy logic theory.
Section4 presents an extension theory basedanobstacle avoidance system. Sectbmives a
discussion of experimental results and Seddipnesents our conclusions.

2.Hardware Design

The omnidirectional mobile autonomous following robot control system is composed of an
industrial motherboard (SBC86858png witha Peripheral Interface ControlléP1C) micro controller
(DSPIC30F6010A) that serves as the control core and comnthedseripheral hardwareThe
peripheral hardwar#self consiss of a motor (3863A024C), a motor driver (MD03), a motor encoder
(HEDS5500 A12), an ultrasonic distance sensor
Bluetooth controllerFigure 1shows a diagrarf the omnidirectional mobile robotFigure 2shows
the three parts of the robot tracking system, namely the user interfaoestation and the robots.

There are two user modes availabtenual and autonomous tracking. In manual mode, we use a
Wii controller to control the rob& direction of movement and speed.tie autonomous tracking
mode, the operator is provided with an infrared emitter module, as shokigure 3 which emits
infrared signals to enable the robot to track and follow the tgresatonomously.

The cameras connected to thevorkstation and has an infrared filteo that an infrared imags
displayed on the screefhe camera is a Logitech Quick Cam Pro 5000, which captures an infrared
light source handled by the operatdhe industrial motherboard comprises the followacking
component of the systerand analyzes the infrared data, which is converted to physical coordinates
giving the relative position of the user and the robot. This data is then used to contrec¢herdand
speed of the robot.
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Figure 1. Omni-directional mobile robot

Figure 2. The robot system hardware link.
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Figure 3. The IR source carried by the user.




Sensor012 12 13950

The robot employs two PIC micro controller boards, with one serving as a signal capture board and
the other as a motor control board. This decentralized setup can improve the processing efficiency of
the PIC micro controller. The signal capture board k&sethe command issued by twerkstation
and the Wii controller signal. The motor control board handles the motor control function, and receives
information from the ultrasonic distance sensor.

3. An Omni-Motion Control SystemBased Upon Fuzzy Theory

The robot implemented in this research is capable of directed translation movement along the x and
y axis and rotational movement along thexas All signals dispatched frorthe motor encoders are
translated into the PWM format and are usedcatculatethe motor revolution These arethen
compensated by applying fuzzy logic theory to correct the path deviation. The flowchart of the
proposed omnmotion control system is shown kigure4.

Figure 4. Proposed system flowchart.
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3.1. Building aKinematicEquation

Figure 5shows the three motors positioned at a distance R from the ofiginthe base center),
and placed at equal angles to each other, where the angle between the wheel axes is 120 degrees. T
anglesd;, d;, andds are the angles of the wheels measured relative to the x y planthe rotational
angle of the roboty,, V,, andV; represent the three wheel speeds, ¥rds the target movement
direction. The experimental setup of the robot is shown iarEig}
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Figure 5. Configuration ofthe omni-directional mobile robot.

Vm is the intended movement direction of the rodwod can be represented\as= (Vimx Vmy), form
its x and y components$ is the robods rotateanguar velocity. The equations of motiov;, V,, Vs are

as expressed as
&, g €cosg sing,

u_e : u
G'\/ {:osq2 sing, RUé g

1)

A movement rule base can be designed fronkitematic equation

3.2. Fuzzy Controller Desigfrom Motor Encoders

Robots in real environments are igaaffected by several factarBor example, the output power of
the three goups of motors may be unevegrpund friction may vary, or the weight balance may be

unevenAll thesefactors can caudée pathof the roboto deviate
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As shown inFigure 7 the outputhe output is thesum ofu., and u. uis the motor revolution
error and error difference, represents the amount of PWM adjustment needed. The inputs to the fuzzy
controller aree andde, wheree is motor speeckrror anddeis error variationTherefore, the straight
path deviation is compensa through an invariant motor revolution

Figure 7. The control system block diagram.
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Figure 8 shows membership functions of the input variabnd de and the output u, where a
triangle function is used as the single membership function. The fuzzy set is composed of the
following values: negativeig (NB), negative medium (NM), negative small (NS), zero (ZO), positive
small (PS), positive medium (PMndpositivebig (PB).

Figure 8. Input and output membership functions.
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By developing rules of thumb basegon several measurements, premise and consequence are
deduced and the tuned ranges of membership functions are determined accordingly. The rule bas
consisting of 21 rules for motor encoder compensation is given in Table 1, and an example is
illustratedby:

If e is NM and de is ZQhen uis PM (2

Table 1.A motor encoder compensation rule table

e
de
NB PB PB PM ZO NM NM NB
ZO PB PM PS ZO NS NM NB
PB PM PS ZO ZO ZO NS NM

NB NM NS ZO PS PM PB

It is assumed that if the motor revolution error e is NiW, revolution error difference de is ZO,
and the PWM adjustment (i) is PM. This situation is assumed to represent a realistic motor
revolution value that is less than the expected valigchahas an error within the tolerance range.
Therefore, the motor\WWM is increased by the valud PM.

We perform a fuzzy interference using a minimum inference endihe controller output
represents the center of gravity defuzzification @determined # the algorithm. The input and
output relationship curve of the fuzzy controller is shown in Figure 9.

Figure 9. The fuzzy input and output relationship graph

-]

We set motoPWM to divide into 128 equal partise., 0i 127.As shown inFigure10(a) we set the
initial values of the PWM driving the three motdos80. A straight path deviation is observsgtause
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of the nonuniform feedback signaFigure 10(b) showshe activation of théuzzy controller at 15ns

to equalize the three motor revoluis. However, it should be noted that the three motor sets
experience different levels of PWM due to variation in the load carried by the robot, motor efficiency,
and other factors.

Figure 10. Experimental results afhe motor revolutionusing fuzzy theory.(a) PWM
tuning curvesand(b) encoder feedback curves for the three motor sets.
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4. An Extensible ObstacleAvoidance System Design

Extension theorys usedo describe the inference process of obstael@dance, which allows ue
transform a complex problem in the real world into one expressed through-etattentsAs shown
in Figure 11 and inEquation(3), nine sets of ultrasonic distance sensors are installed on the left,
front-left, frontright, and right sidesAn appropriate movement path can be selected by applying
extension theory after converting the analogue distance signal into a digital value

¢ Leftsidedistance = Uttrasonic1/Ultrasonic 2

| Leftfront distance = Ultrasonic 3£Ulrasonic 4 £Ultrasonic 5

} Right front distance = Ultrasonic 6 £Ultrasonic 7 (3)
f Right sidedistance = Ultrasonic8 AUltrasonic9
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Figure 11. Ultrasonic distance sensors shown on the robot periphery
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4.1. Matter-ElementExtension Set

In this section we quantify the extension set characteristics mathematidad\set with name
(Name, N) characteristic(Characteristic, C), and with characteristic value (Value,isvjsed to
describethe three basic elements.

In this work, the obstaclavoidance system is modeled as mdithensional obstaclavoidance
matterelements, where the namesthé extension matteelements are the same as the number of
obstacleavoidancemodes The ultrasonic distance sensarg definedby four characteristicd/arious
motion approaches based the principle of the mukiimensional extension mattelement model,
are expressed iBquation(4). These are associated with various motion strategies

TéRm = [Ny ’Cl,il,j <y ’bl,il,j >] JA1=12"? 7 ,]=1234
1 Rz = [Ny, ’C2,i2,j 1< Bin ’bz,iz,j >l ,i2=127 6 ,j=1234 4
:' Rz = [Nsjs Caizj 1< Qg3 ’bS,i3,j >] 13=127 6 ,j=1234

Rii, Roi2, Rsjs represent varioumatterelementmodels Niji, N2j2, N3js arethe names of various
obstacle modesindCy 1, Cy0, Cs3 arethe distance$o the obstacles in each aspdtte terms<ay s,
bii1>, <a@zizj 22>, <asizj bsiz arethe scopes of the classical domains defined in various aspects.
This work comprises three sets of models, representing various motion apprBaateggies are built to
avoid obstacles in various aspect directioftsere are up to seven motion stgies specified for the
forward motion, and six for the Igfiorward and the right forwayés show imables 2 to 4.

Table 2. Rule table forforward motion in the extensiesiement model

Number ObstacleLocation ExtensionElement Model Approach
eN11 ,C111 ,<15,200 >€
R = e ,0112 ,<15,200 >L}
1 No dbstacle 11 e Clq3 1 <15200>U Move forward
< C <15,200 >3
e 7114 ’ Y
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Table 2. Cont
Number ObstacleLocation ExtensionElement Model Approach
gle ,C121 ,<15,200 >;3
- ,C122 ,<015> N
2 Left forward 12 e 'Clog <15200>U Move right
e u
é ’C124 ,<15,200 >0
gng ,0131 ,<15,200 >g
- ,0132 ,<15,200 >g
3 Rightforward 13 e 'Claz +<015> U Move left
é u
é ,C134 ,<15,200 >l
2N14 ,C141 ,<15,200 >;3
Left forward Right R = é ’C142 ,<015> u
4 14 e ,0143 ,<015> u Move left or right
forward e C <15.200 >E"
8 'T144 ’ Y
gN15 'C151 ,<15,200 >;3
Left forward Right o _é ’0152 <015> u
5 157 é ,.C ,<015> U move left
forward, Right e C153 <015> u
e Y154 )
Nie Crer <01>> @
Left forward Right 5 _¢€ Clgp <015> Y
6 16 e ,C163 ,<015> u Move right
forward, Left € C <15.200 >L}
e 7164 : ¥
Pz Gy <0150
- ’C172 ,<015 >L}
7 All 17 e G175 »<015>U Move backward
< C <015>5
e 174 7 ¥

Table 3. Rule table folleft forward motion in the extensieslement model

Number ObstacleLocation ExtensionElement Model Approach
gN21 ,C211 ,<15,200 >;3
R = é ,C212 ,<15,200 >g
1 No dbstacle 21 ¢ ,C213 ,<15,200>u Move left forward
e u
é ,C214 ,<15,200 >g
Nopp 1Copp 015> 6
R = é ,C222 ,<15,200 >g
2 Left 22 e , C223 ,<15,200>u Move forward
e u
é ,C224 ’<15’200>Q

13956
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Table 3.Cont
Number ObstacleLocation ExtensionElement Model Approach
Nog Coz =<0D> 0
s :é ,0232 ,<015> u
3 Left, Left forward 23 e ,0233 <15,200>u Move right
e u
é ,0234 ,<15,200 >Q
gN oa Coap <015 2
Left, R 26  Cogp <120,
4 24 e ,C243 ,<015> u Move right
Right forward € u
é ,C244 ’<15’200>U
eN ,C ,<015> g
Left, e C251 <015> U
R _ e: ) 252 ] y l:J
5 Left forward 25 e ,C253 ,<015> u Move right
e
Rightforward g ' C254 <15200 >@|
gN 26 C261 ,<15,200 >;3
R :‘? ,C262 ,<015> u
6 Upper left corner 26 € , C263 ,<15,200>u Move rightforward
< C <15,200>}
e 17264 ’ ¥

Table 4. Rule table for right forward motiomithe extensiom®lement model

Number ObstacleLocation ExtensionElement Model Approach
gN31 ,C311 ,<15,200 >g
R _é ,C312 ,<15,200 >g
1 No dbstacle 31 e , C313 ,<15,200>u Move right forward
: c <15,200>5
e 'T314 ' g
gN 32 ,C321 ,<15,200 >;3
- é ,C322 ,<15,200 >@
2 Right 32 e ,C323 ,<15,200>u Moveforward
¢ c <015> 4
e Y324 7 )
gN 33 ,0331 ,<15,200 >;3
Left forward R =€ ’C332 ,<015> u
3 3 é ,C <15,200>u Move left
Right 4 o cois> U
e T334 7 g
2N34 ,C341 ,<15,200>€
Rightforward, R =€ ’ C342 ,<15200 >g
4 34 é ,C ,<015> u Move left
Right 4 B o> U
e 7344 7 g
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Table 4. Cont.
Number ObstacleLocation ExtensionElement Model Approach
eN ,C ,<15,200 >g
Left forward é 35 C351 <015> u
R, =6 Cam <07y
5 Right forward, 35 e , C3 ,<015> u Move left
e C >3 <015> u
Right e 734 T ¢!
2N36 ’C361 ,<15,200 >;3
R 6 ’C362 ,<15,200 >g
6 Upperright corner 36 e ,C363 ,<015> u Move left forward
: C <15,200 >
e 7364 ' ¥

4.2. Correlation Function

In Figure12 a classical domain and a neighborhood domain are defined on the igrvah, b>
and X = <c, d> respectively.The neighborhood domain is defined Xas= <0, 200>, and X, E X,
without any common end poinfBhe primarycorrelation function can be defined as

_ r(xXy)
K(x)= D(x, X5, X) (5)

whereD(x, Xo, X) is a point position value, and the relationship between a point and two different
ranges is defined as

& X) - X X1 X
D(X, X0, X) e rieXo) Ll 6)
i -1 X X0
The relationship between x aXdis defined as
at+tbl 1
r (% Xo) = |x- -5(b-3) (7)
where he pointxis related to the rangeas
c+d| 1
r(x,X)=|x- -—d-c 8
(% X) 5 | Sd-¢) 8

Figure 12. An extension correlation function.
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4.3. Evaluation Method and the Best Strategy of Obstacle Avoidance

In Figure 13 theprocedure for an optimal evaluation strategy is described in order to find the best
strategy of obstaclavoidance. The optimal obsta&goidance depends on the obtained maximum
correlation degree by means of the following procedure:

1.

2.

3.

We first define evalation conditions. The correlation d€1 1, Kz, Kz iz, (i.€., the
obstacleavoidance strategies) made by three mobile modes and four sets of distance
sensors mounted in various angles, are expressed as

?Kl,ilz{Kl,il,j} i1=12? ,7 ,j=1234

I . .

Koo ={Kpip i} 122127 6 [ =1234 (9)
i Kais ={Kys} 1351272 6 ,j=1234

Figure 13. Theprocedure for determining an optimal evaluation strategy
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The weightingsNy i1, Wai2j, Waisj Of four sets of distance sensors to detect obstacles
are assigned the same value of 1/4. The correlation between each distasea is
expressed as

e_ 2 .

TKu =a Wy Ky, »i1=12,...7

1 i=1

P . |

1K2’i2 =aW,,;K,ip; ,i2=12,..6 (10)
| =1

T_ 4

IK s =a W 5K 83=12,...6

T

The maximum degree of correlation in the individual mobile modes is extracted for the
optimal obstaclavoidance strategy, and can be found by comparing the optimal
degree of evaluation betweBh;;, K2 > andKs s, as
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é_ _ _

I Klmax i 1'311‘2"1,,)(7 Kl,il

| — —

1K = max K.,

’:\ 2max 221226 2,2 (11)
IL Kamax = i3r=r1],?}_2(6 Kais

4. The choice of obstaclavoidance mode for a robot is evaluated as the degree of
correlation within a set of muitdimensional obstaclavoidance matteglement
modes. This is then translated into dpimal strategy to avoid obstacles.

In Equation(12) the directions represging the mobile mode are givelf the directionis equalto
1, it denotes forward motion, 2 represents front forward aayethervaluerepresents a forwandght
direction. Tte obstacledirection representing the optimal obstaal@idance strategy is sent to the
robot, whereK;_maxrepresents the optimal strategy for forward motiipn, max for forwardleft
motion, andKz_maxfor forwardright:
if (direction= )
obstacle_direction= K1_max;
else if (direction= =2)
obstacle direction=K2_max;
else

(12

obstacle direction= K3_max;
5. Experimental Results andAnalysis

The interface design of the autonomous mobile robot controller is shokigure14. A data link
interface to the robot througdn RS232 serial transmissipnarries the control signal sent from the
workstation to the micro controller This is usually in manual modeAn operational test for
obstacleavoidance by the omydirectional robot was conducted, as showRigurel5 andFigurel16.

Figure 14. The data link control interface.
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Figure 15. A set of omnidirectional mobile experiment§a) Forward (b) turn right, (c)
turn left, and(d) rotateback

(© (d)

The omnidirectional mobile robot waseento exhibit high mobility in a complex environment. We
also tested the obstacle avoidance capability. In order to correct the path deviation, the aspect angle c
movement, and the target speed are transmitted to the three motor sets driven by a fuzzy logic
controller to provide a compensation approach for the motor encitkeirobot was able to avoid all
obstacles, proving the effectiveness of the proposed system. Thus, the feasibility and the effectivenes
of the robot were validated.



