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Abstract: Problem statement: Research into robot motion control offers reseangportunities that
will change scientists and engineers for year tmecoAutonomous robots are increasingly evident in
many aspects of industry and everyday life andoaigbrobot motion control can be used for homeland
security and many consumer applications. This stlidgussed the adaptive fuzzy knowledge based
controller for robot motion control in indoor anditdoor environmentApproach: The proposed
method consisted of two components: the processitatothat detects changes in the process
characteristics and the adaptation mechanism st information passed to it by the process monitor
to update the controller parameteResults: Experimental evaluation had been done in bothdndo
and outdoor environment where the robot communscatith the base station through its Wireless
fidelity antenna and the performance monitor ussdtaf five performance criteria to access theyuz
knowledge based controlleZonclusion: The proposed method had been found to be robust.
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INTRODUCTION physical they also fascinate us. This is partidulaue
for humanoid robots, but there is some intriguealin

Autonomous robots are intelligent machinesmoving robots. They are an imitation of the lifelame
capable of performing tasks by themselves withougre drawn to watching them. It is not only the fit
human control over their movements. These intailige they move, that beguiles us, since many things niove
machines have proliferated in recent years and jseom the world, but they appear to move intelligentlyeyt
to play a major role in our lives in the future. In @void obstacle, they interact with one another ey
artificial intelligent robot are known as “agenthey ~ accomplish tasks. For those of us who design afid bu
are distinguished from software agents in the vyt them, enabling them to perform these and othersrect
are embodied and situated in the real world. Theys Precisely our goal. But what is robot controlal
received information from the world through their Senses? To this question, there appears to be a
sensors. They can be touched and seen and heeyd, tpontradiction between autonomy which implies that a
have physical dimensions and they can exert fonpes Fobot is capable of taking care of itself and cohtr
other objects. These objects can be balls to heettic Which appears to imply some sort of human
parts to be assembled, terrain to be traversedrpets  intervention. To be sure some form of high-level
to be vacuumed. Robots are also subjects to thilwor control is required to ensure that the robots dohaom
physical laws, they have mass and inertia, theivingp ~ @ny humans, equipments or other robots. In efted,
parts encounter friction and hence produce heat, ndligh-level of control implies the implementation of
two parts are precisely alike, measurements ar@simov’slaws, which can be paraphrased as follows:
corrupted by noise and parts break. Robots contain
computers, which provide them with ever-increasing® A robot should never harm human being
speed and power for both signal processing and A robot should obey a human being unless this
cognitive functions. The world into which we place contradicts the first law
these robots keeps changing; it is non stationay a « A robot should not harm another robot, unless this
unstructured, so we cannot predict their behavior contradicts the first and second law
accurately in advance. These are some of the &satfr
the autonomous robots. They suffer from all the Most of the real-world process that requires
limitations of the real world but because they areautomatic control are nonlinear in nature. Thabisay,
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their parameter values alter as the operating point Two high resolution of 1200 counter per wheel eycl

changes over time. As conventional control scheanes quadrature encoders mounted on each wheel provide

linear, a controller can only be tuned to give goodhigh-precision measurement and control of wheel
performance at a particular operating point or or movement. Weighting only 7.7 Ib, the system istlidgjut
limited period of time. The controller needs torbined it can carry an additional payload of 22 Ib (10.kg)

if the operating point changes, or retuned peralbidf

the process changes with time. This necessityttmee Robot sensors: The robot offers full Wi-Fi 802.11 g

has driven the need for adaptive controller that cawireless, multimedia, sensing and motion capaéditi

automatically retune themselves to match the ctrrerand comes with a wide range of sensor, camera and

process characteristics. An excellent introduction audio modules, sufficient to serve in any variefy o

conventional adaptive control systems can be fdund applications. The robot offers broad expandabitity

(Astrom and Witternmark, 1994) Fuzzy Knowledge well for projects that may require additional sasso

Based Controller (FKBC) is nonlinear and so they ca even specialized modules. Powered by separate RC

designed to cope with a certain amount of processervo motors, the integrated camera head can pén an

linearity. However, such design is difficult, esiadly if tilt independently. With its integrated high bandthi

the controller must cope with nonlinearity over aof 11 Mbps, Wi-Fi 802.11 g wireless module, the

significant portion of the operating range of thegess. system can upload all sensor data including encoder

Also, the rules of the FKBC do not in general cone  sensor readings to a PC or server at rates inssxafe

temporal component and they cannot cope with psoceslO Hz. Similarly, streaming audio (8 Hz x 8 bitsida

changes over time. So there is a need for Adaptizzy  video (up to 4 fps) either for direct monitoring for

Knowledge Based Controller (AFKBC). The adaptive processing by high-level Artificial Intelligent (A

component of the AFKBC we designed consists of twaschemes is a snap. Commands and instructions sent t

parts: the robot via the same wireless link also passatasr

exceeding 10 Hz, providing real-time control andesss.

« The first part is the performance monitor thatThe robot includes all Wi-Robot development sofevar
detects changes in the process characteristics ypmponents, enabling easy access to all data and
assessment of the controlled response of théformation in a standard Microsoft Windows
process programming environment example, Visual Basic and

« The second part is the adaptation mechanism. I¥isual Studio C++. Under the approach of using a
uses information passed to it by the performancéeparate PC for high-level control, there are nmgdo
monitor to update the controller parameters and s@nboard restrictions on a mobile system’s procgssin
adapts the controller to the changing procesgower, memory and storage.
characteristics

Robot kinematics: In our proposed AFKBC, we
MATERIALSAND METHODS considered the problem of coordinating the positiad
orientation of the robot instead of coordinating it

Robot mechanics: The robot shown in Fig. 1 has a center position. We defined the position of theatodt

wheel-based platform of two 12VDC motors eachpoint P = [R, R] that lies a distance L along the line

supply 300 inches (22 kg) of torque to the X80’s 7-thatis normal to the wheel axis and intersectsitheel

inches (18 cm) wheels, yielding a top speed ingxcé  axis at the center point r 5[] as shown in Fig. 2.

1 m sec" (3,3 ft sec!).

Wi-Fi-antenna—

CMOS — e
camera :

Ultrasonic sensor —p
Infrared sensor — pdta

Fig.1: X80 Robot model used for this study Fig. 2: Nonholonomic differentially driven wheelsabot
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The kinematic of the robot position are With:
nonholonomic for L# 0. Now Let (g, 1), 6 and (v,w)

denote the inertial position, orientation and linaad <1 Tx cosh. — sirp. T
angular speeds of the robot respectively. The katem { ;} :{ ﬂ{ o CM ;F} (8)
equations for the robot are: Yi Ya | LSin8;cod, | yp
=V, cosd,| = \ Sif f=a (1) Where:
r* =[x{,y’] = The robot actual and desired position
The position is given by: x4
re :{ ;F} = The desired deviation of the robot
ylF

p, r cosd )
{p }:L }f L{sine} ) relative to G
Y Y C: Denotes a virtual coordinate frame
. - . , . located at a virtual center ((xy;) with
Differentiating (2) with respect to time gives: an orientatiord, relative to G

Co The initial frame

p, cos® - Lsim@|| v
|7 Line Lcosﬁ} LJ ®) Fuzzy control and related works: Fuzzy control has
Py met a tremendous interest in application over tast p
few years. Precisely in manufacture control equimime
Letting: and automatic control than traditional control
techniques. There are a number of reasons for the
cosd sird popularity of fuzzy control. First, fuzzy contro$ ia
{V} = 1 1 [UX} (4) real-time expert system, implementing a part of amm
@ ‘IS'ne ECOSQ uy operator's or process engineer’'s expertise whicésdo
not lend itself to being easily expressed in PID
parameters or differential equations but rather a
situation or action rules. Second, fuzzy contrdeis a
) better user interface to the process to be coatidily
P, {u } translating the system insight into controller

Gives:

(5) nonlinearities. Nonlinear characteristics are mealiin
fuzzy control by partitioning the rule space, weigh
the rules and by nonlinear membership functioneRul
which is a simplified kinematic equation of our cop based systems compute their output by combining
but is sufficient for the purpose of our applicatidlote ~ results from different parts of the partition, egudrt
that (5) takes in the form of single-integrator dgrics,  being governed by separate rules. In fuzzy reagonin
implying that the consensus algorithm (6) can bethe boundaries of these parts overlap and the local
directly applied: results are combined by weighting them appropgatel
That is why the output in fuzzy system is a smooth,
. n nonlinear function. However, fuzzy control diffdfrem
u=r'-a (r—r“)—ZqV[ (r=r")- gr—jr“)] (6)  Main-stream expert system technology in several
= aspects. One main feature of fuzzy systems is their
existence at two distinct levels: First, there symbolic

Where: if-then rules and qualitative, fuzzy variable aralues

rOR = The state and @R is the control output of the such as if pressure is high and slightly increasiren
robot energy supply is medium negative. These values such

a, = A positive scalar as “slightly increasing” and fuzzy operators such a

\Y

a" The (ij) entry of mn adjacencyv’ matrix “and”_ are compile_d into numefical obj_ects and
! " algorithms:  Function tables, interpolation and

associate with the interaction topology: comparators. Due to its easy use and its better
. ; performance; fuzzy logic control has become thetmos
Oy =(nedforr—rfand f= (£ .y) (") popular control tool for many researchers in tieddfiof
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robotics control (Cardenas, 2004; Elmaliaeh al., Given a set of input-output data, the premise and
2007; Martins-Filho and Macau, 2007; Retwal., 2006; consequence parameter can be determined by the used
Peri, 2002; Cho and Youn, 2006; Nakamura andf complex search algorithm and recursive least-
Sekiguchi, 2001). For example in (Astudill al., square algorithm (Sugeno and Tanaka, 1994).
2006) the authors proposed an intelligent contfaro  Tunstelet al. (2002) proposed the combination of fuzzy
autonomous mobile robot using Typ-2-Fuzzy Logic. InLogic controller and Fuzzy Knowledge-Based Decision
their method, the fuzzy control has two input amddt system for multi robot control with single inputdan
output variables and the membership functions areutput.

defined by one triangular and trapezoidal function

each variable involved due to the fact that theyeasy AFKB control approach: Parameter estimator: In

to implement computationally. The membershipthe parameter estimator, changes in process agetddt
functions in which Negative, Zero and Positive through off-line identification of the process mbdé
representing the fuzzy set are associated to egmit i process model here is referred to a mathematical
and output variable, where the universe of diseuss description of the process that gives values of the
normalized into [-1,1] range. The rule set of theedy  process-output, given the current process-statetland
Logic Control (FLC) contains 9 rules which goveiin input to the process. For space constraints theegso
the input-output relationship of the FLC and thilopts  model has not been described. The process inpué com
the Madami-style engine (Passion and Yurkovich8)99 from the controller. The model used in the Singiptit

Jin (1998) a decentralized adaptive fuzzy contfebbot  and Single-Output (SISO), linear, first order ptisad
manipulators has been proposed having two input antime is defined by the transfer function (11), whitas
two output variables. In the fuzzy inference systém  been used in the self-tuning regulator.

membership functions of the linguistic variables sum

triangular functions. Both input variables in edick are  Y(x) _ Kpe™ (11)
partitioned into four fuzzy subsets and 16 fuzdgsware  u(x) Ts+1

set up for each link. Then genetic algorithm isdute

tune the parameters so that the fuzzy system cdizae Where:

the mapping of the inverse robot dynamics. TheY(s) = The Laplace transform of the process-output
population of the genetic algorithm is 50 and tegth ~ U(S) = The Laplace transform of the process-input

of the gene is 160. But what is very interestingtiis ~ Kp = The gain

proposed method is that the premise variable pattee t« = The dead time

adaptive fuzzy logic in the consequence partsefttes T = The time constant

have been not used. In spite of not using the flzgie

premise the performance of the controller has some The parameter estimator must continually estimate
amazing point in the simulation results. Takagi andvalues for the process parameters, K and § and
Seguna (1994) have used the same method and thgould appropriately update them according to dhetr
suggested that if the rule has M rules togetherfittal ~ Position by taking into consideration the infornoati

output of the fuzzy model is calculated as follows: coming from the obstacle avoidance sensors. The rul
used for this AFKBC consists of a set of if-theferaf
Moo ; the form:
Dk T}
(k) ==f— 9) Rulei:ifxis O, then u is] § (12)
D w'(k)
= Where
With: X = The controller inputs (process-state variable)
' U = The controller output variable
I = The rule number (i=1, 2, 3, ..... , N)
N i o 0, = The linguistic value of the rule-antecedent
wi(k) = minfA (@ (k). A(q ()} (10) 0% = The linguistic value of the rule consequent
Where:

The membership functiont:‘fl]j of the antecedent

i ) are triangles described by a peak valug,aad a
B = The crisp output of each fuzzy rule support, b, in the universe of discourse as shown in
K = The time constant Fig. 3.
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Membership 1
value

L3(x) g3 0.5

‘ ajj

ij

Fig. 4: Graphical representation of the Center-odaA
defuzzication

Fig. 3: Triangular AFKBC fuzzy set

The membership function of the AFKBC is:
Table 1: Control output

Large decrease

No change Large increase

G _ ‘X —ai.‘ Small decrease Small increase
L[I})(x)—l—T' (13)
ij
Tuning procedure: The AFKBC rules are extracted
Where: from process operators. The membership functioas ar
X = The crisp controller input in the domainof  defined initially such that the input domains ahéded

equally by a suitable choice of thg and the sets
overlap, by a suitable choice of Bhe y are chosen to
give a suitable range of control-output coverinigrge
Du® = A fuzzy singleton set defined on the real decrease, small decrease, no change, large ingcrease

the input variable x The control-output
membership function

number y

That is to say:

small increase as shown in Table 1.

After the set of reliable controller input-outpidta

(u) has been collected, the tuning procedure has been

carried out as follows:

Ou® =L
u

14) .

Using the max-product composition and the,
Center-of-Area defuzzyfication method the fuzzy
output u* from the rule set has been obtained as
follows:

(15)

where, |, is Given by the product of the membership
degrees of the input variables in iké rule: .

LOO(x,) [ EO(X ) DX Yoo L)

N (X) (16)
where, xis a crisp controller input variable from the
domainm; of the input variablé],. Figure 4 shows the *
graphical representation of the Center-of-Area
defuzzyfication.
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The rules are fired on the input data to obtain the
antecedent valugy, for each rule and the real-value
control-output u

Parameters;are updated using (17):

Koy Hu-d)
Su

i
K=1

u (t+1)=y (t)- (17)

where, K is a constant which controls how much
the parameters are altered at each iteration. &s th
iterations proceed, the objective function converge
to a local minimum. In our AFKBC the objective
function parameters we wish to alter are the
membership functions;d; and

Rule firing is repeated using the new values;of u
Parameters jaand | are updated using the new
values of y p; and u respectively
1

2(u(t)- u ¥
If the change-of-errorD(t)-D(t-1) is suitable

small, the tuning procedure is completed; otherwise
it is repeated from Step 1

Inference erroD(t) = is calculated
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ZEROSML MED LGE Performarnce
measurement

=0 Adaptation

- algorithm
-l s 0 ) 1 v
-180 -90 0 90 180 Fuzzy knowledge |u ) v
) ” ) based controller Process 1=
360 ....2180 0..90 1% 360
SF=0.0050
SF=0.0025

Fig. 6: Adaptive controller structure

Fig. 5: The effect of altering scaling factor —
el e e |max,n,

This procedure will modify the actual values ¢f u
used for the controller output and will change the l
center, gand width |, of the antecedent fuzzy set. No e Yes
Adaption mechanism: The adaptation mechanism 17
modified the controller parameter in order to imgo i Y
the controller performance on the basis of the wutp e=0 Yes le|maz > o
from the process monitor. We classified the adaptat
mechanism for AFKBC according to which parameters lyo Yes
are adjusted. Parameters are adjusted including the v
scaling factors with which controller input and puwitt Adaptation Adaptation Adaptation
values are mapped onto the universe of discoursieeof action (1) action (2) action (3)

fuzzy set definitions. The fuzzy set a definitios i
defined in a normalized universe from -1.0 to +1-0Fig. 7: Adaptive action algorithm
range as illustrated in Fig. 5.

Where SML is small, MED is medium and LGE is Our performance monitor used a set of five
large and SF is a scaling factor. The real valdebis  performance criteria to access the Fuzzy Knowledge
input variables is ranged from -180 to +180 ande®d  Based Controller. These five criteria are:
to be scaled. If for example, the input value is
multiplied by a scaling factor of 0.0050, the inpst « Average square erraf
mapped to the universe of discourse as shown by the
middle scale of Fig. 5. In this case an input valti®0
is classified as MEDIUM. Altering the scaling facto ° !
changes the classification of an input value. For Maximum absolute errofe | max
example, with a scaling factor of 0.0025 a valu8®is « Number B of consecutive variations in control
now classified as SMALL as shown in the bottom of  output
Fig. 5. This reduces the sensitivity of the corémoto

Average errore
Average absolute errdre |

the input and so reduces the controller gain. These five performance criteria are evaluated aver
fixed observation period, the length of which igiaing
RESULTS parameter for the controller. As the primary aimoaf

proposed controller is to maintain the processedst s
In order to check the performance of our controlle point the first four performances, criteria areno&jor

we validated the proposed Adaptive Fuzzy Knowledgeimportance. The last criteria express the numbehef
Based Controller on single experimental robot platf.  secondary control objective of reducing the numtifer
The robot communicates with the base station tHrougcommand variations. Figure 6 shows the structutbef
its Wireless fidelity antenna fixed on the robottka controller and the adaptation algorithm concernéith w
The commands and instructions are sent to the robaiproving the set-point control is shown in Fig. 7
from the base station. respectively.
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E = Negative of the error are recognized as negative, that isatg

below the set-point. The performance response of
Action (1-3) are illustrated in Fig. 8 where E d&®
the error. As the aim of our adaptive process is to
provide quick controller adaptation without causing
instability or oscillations, only small changes adeen
made to the fuzzy set definition at any time. lditdn
the adaptation process needs not to be carriecatout

0 s 10 15 20 25 30 every sampling time. Because adapting for set-point

aggressively will lead to instability.

14
12

o N & o o

— Adaptation action (1) Time (x0.1 sec)

@ DISCUSSION

= B2 In everyday language to adapt means to change

12 behavior to conform to a new circumstance. Inteiy
10 an adaptive controller is thus a controller thah ca
modify its behavior in response to changes in the
dynamics of the process and the character of the
disturbances. In other word a controller with atijbte
parameters and a mechanism for adjusting the
= parameters. The controller becomes nonlinear becaus
o S 10 20 5 20 of the parameter adjustment.
Adaptation action (2) Time (x0.1 sec) In the proposed AFKBC the adaptation is done by
(b) modifying the membership function in proportionthe
undesired effects that are being corrected. Thesttold
- values have been carefully chosen as they can have
. large effect on the overall control system perfanosa
1 The parameters are concerned with specifying what
levels of the set-point error criteria are accelgtab
before adaptation can carry out. If these parameter
set too low, the controller will constantly tryitg adapt
and may never be able to satisfy the required
performance we would like to obtain. If these paatars
10 15 20 25 30 are set too high, the controller may give unnec#égsa
e loptationaction (53 Time (<01 556) bad performance as a little adaptation will bgiedro_ut.
© So we set the parameters for our controller imteelian
position that is to say between the high and lovelle
Fig. 8: Performance response of adaptation action where an excellent performance is obtained as the
adaptation mechanism adapts the controller to the
Where,a is the membership function threshold. Thechanging process characteristics. (Nomral_’ 1991)
three different adaptations are taken dependinghen paye applied the adaptive self-tuning method fairth
value of the four performance criteria. If the @@&  opile robot avoiding a moving obstacle with some
error is too large, then adaptation Action (1) ) &  gyccess but comparing to our controller, their raier
(k:)a{ned out dgpendlnhg on whether the avera_\gel 810" heed to be improved as its shown some instabiliiae
ineteorvr;e;;ryaag\;%taiic?n izi;kgﬁ'%t'théeg\?ggg’;zmAnrobot problem was for the robot to move from itrting
point to a robot fixed target point while avoidiagingle

error is too large indicating imprecision contrginally ) 4 X
adaptation Action (3) is taken if the error becortws obstacle moving across its path.. C_)nly t.h? Steaangle
of the robot was controlled, while its driving sgesas

large even for a sampling instant. he d _ f the rob .
All the adaptation actions result in changes toconstant. The dynamics of the robot were not censtj

fuzzy set membership definitions for error, chaoge- while in our proposed AFKBC we take into
error and change in control output. The adaptgtigris ~ consideration the robot dynamics. _ _
concerned with improving the controller performance ~ The robot received four inputs. Five membership
when the process is consistently below set-poihts T functions were defined for each of the four inpartsl an
has been done by increasing the degree to whiclesal initial set of the 625 rules was provided. Bartokhal.
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(1982) have chosen to monitor the adaptation pnreed Cho, Y. and J.H. Youn, 2006. Wireless sensor-driven
for excessive commands variations at every sampling intelligent  navigation robots for indoor

time so that this could be quickly corrected, imith construction site security and safety. Proceedings
method: Development of performance adaptive fuzzy of the 23rd International Symposium on
controller with application to continuous castinigrg. Automation and Robotics in Construction, Oct. 3-5,
But they monitored set-point control performanceaat IAARC, Tokyo, Japan, pp: 493-498.
lower rate. Elmaliach, Y., N. Agmon and G.A. Kaminka, 2007.
Today, a large number of industrial controls are  Multi-robot area patrol under frequency constraints
under adaptive control. These include a wide raofge Proceedings of the IEEE International Conference
applications in aerospace process control, shigisg on Robotics and Automation, Apr. 10-14, IEEE

robotics automotive and biomedical systems. The  Xplore Press, Roma, pp: 385-390. DOI:
applications have shown that there are many cases i  10.1109/robot.2007.363817
which adaptive control is very useful, others inisth  jin y. 1998. Decentralized adaptive fuzzy conwbl
the benefits are marginal and yet others in whicils i robot manipulators.  IEEE Trans. Syst. Man
inappropriate. On the basis of the products and the Cybernet. B Cybernet., 28: 47-5IMID: 18255921
uses, it is clear that adaptive control techniq@sbe  \jartins-Filho, L.S. and E.E.N. Macau, 2007. Patrol
used in many different ways. mobile robots and chaotic trajectories. Math. Probl
CONCL USION Eng., 2007: 1-13. DOI: 1_0.1155/2007/61543 _
Nakamura, Y. and A. Sekiguchi, 2001. The chaotic
In this study, the adaptive fuzzy knowledge based  mobile robot. IEEE Trans. Robot. Autom., 17: 89@-90
controller for robot motion control is proposed.eTh Nomura, H., I. Hayashi and N. Wakami, 1991. A self-
adaption component of the AFKBC is composed of two  tuning method of fuzzy control by descent method.
parts: the parameter estimator that constantly tesda Proceedings of the 4th International Farming
the process and the adaptation mechanism alters the sSystem Association World Congress, (IFSA'91),
controller parameter estimator on the basis of any |EEE press, San Diego Brussels, pp: 155-158.
detected changes. To access to the Fuzzy Knowledgeyssion, K.M. and S. Yurkovich, 1998. Fuzzy Control
Based Controller the parameter estimator used five gt Edn., Addison-Wesley, USA., pp: 475.
performance criteria and maintain the process apgoq V.M. 2002 Fuzzy logic controller for an
controller set-point. Commands and instructiond sen autonomous mobile robot. Bachelor of Technology
the robot via its wireless link pass at rates eefirege in Electrical and Electronics Engineering Thesis,
10Hz, providing real-time and control access. The Jawaharlal Nehru Technological ~ University.

evaluation test has demonstrated that the proposed . . s
; : ; http://academic.csuohio.edu/embedded/Publication
controller study quite well, comparing to previaisdy s/Thesis/Mohan%20Thesis. pdf

in adaptive f logic or f logic control.
' agaptive lzzy logic or iizzy 109! Ryu, J.G., H.M. Shin, SK. Kil, E.H. Lee and H.H.
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