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ABSTRACT

This paper presents new hybrid control architeehased interval type-2 nuro-fuzzy (IT2NF) for
embedded mobile robot navigation where event-dr@mtrol is used to handle the dynamically changing
of the environment. The proposed hybrid controlhdecture combining behavior-based reactive
navigation and model-based environmental classifioehas been developed. Weightless neural network
(WNNSs) in charge of environmental classificationiststrategy does not only enable the mobile rabot
avoid local minimum points but also eliminates tteguirement for prior detailed modeling of the
environment. Then, IT2FLC based reactive behagattilized to perform mobile robot navigation tase
environmental pattern classification. The previaisdy show that embedded controller on low cost
microcontroller is difficult to design due to hardwe and software constraints. In this paper, tHaritly
control architecture uses hierarchical structuréT@ffuzzy sets (IT2FS) to avoid the huge rule béise to

the embedded platform and modular structure of WhkiNseduce the computational cost and increases
processing speed of the controller. Technologieaddress these limitations are integrated into idybr
controller architecture to be carried out, thus gh#onomous mobile robot navigation system can be
executed successfully. Flexibility and performantéhe proposed control architecture is validatedugh
experiments on the real embedded mobile robotvarity of environmental condition. The experiménta
results show that, the proposed architecture-bBE2NF has dealt in real environment with uncertamt
present in the changing and unstructured envirotsnean avoid obstacles at the desired safe distance
follow the desired trajectory in smooth movemerd produces minimal computational resources.

Keywords: Mobile Robot, Control Architecture, Soft Computihgw Cost

1. INTRODUCTION decomposition-based  architecture,  behavioral
decomposition-based architecture and the hybrid

Autonomous mobile robot is a machine able t@rchitecture that combines the former two [3].
extract information from its environment and uses Each element of hierarchical architecture

knowlgdgf;el abgut its W.Oﬂd to moveit safely in &onsists of the functional units, such as sensory
meaningiul and purposive manner. {t can opera rocessing, world modeling, task decomposition,
on Its own wnhout a h“”‘"’?” directly controll_mg tand value judgment. This implies that deliberate
[11[2]. Controlling a mobile robot to navigate reasoning process based on the world model always

autonomously in real world environments is &ists between perception and action [4]-[6].

ch&llenglng and d_|fft|cult ta?k.llt hai_io l?[e equa;ri]p hHowever, this architecture is not well acceptable f
with - an appropriaté conlrol architecture  Wich, ;. ,4mous mobile robots working under changing
clearly and systematically. The control architegtur

jnvironments due to the time consumption in

IS a key ISSue in the_ autonomous mobile robg eliberate reasoning. Mobile robot reactivity te th
design. Various techniques and approaches ha& namic environments is well achieved in the

been developed [1]. Recently, mobile robob

h itv had paid h attention to t ehavior-based control architecture by connecting
research community had paid much attention to r}?‘le sensors and actuators directly without the dvorl
development of different control architecture. Teher

. . model. The behavior-based control architecture is
are three main classes of control architectureg ha

: .“known asa technique for tightly coupling sensing
been developed, there are the h|erarch|c%nd action, typically in the context of motor
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behaviors, to produce appropriate robotic responsgmvironment and imprecision. Therefore, the
in dynamic environments [7]. Furthermore, thisconcept of suitable control architecture is designe
behavior has fast response time and modularigxclusively for the problems being analyzed [20].

because they operate independently with each other Control architecture is one of the important

[8]-[13] issues in the research of autonomous mobile robot,
However it is difficult to construct a control which aims at organizing and controlling systems
system with suitable arbitration between the owpubf the robot to achieve a certain function [21]][23
of many conflicting behaviors. This is due to thdt defines the principles involving organizing
amount of information carries out by an output of &dardware and software function modules,
behavior module is not sufficient to represent thategration methods and supporting tools and it
internal states of the module and thus their largaust manage the interaction between each module
parts are lost during process [14]. Furthermore, t§21]. Under certain given resources, control
interaction between behaviors is unknown a priorarchitecture design must decide whether the mobile
which may be important to the system robustnesmbot can react timely and correctly to dynamic
Therefore, the behavior-based control architectuenvironment to achieve the designed purposes. An
cannot utilize a knowledge base nor perfornmstance of control architecture must guarantee the
explicit goals which require a prior planning ofaccomplishment of its own tasks in a robust-stable
multiple tasks. way [22].

In recent times, emerging hybrid control Currently, the lack of a compact, modular, and
architecture utilizes the representational worldlexible instrumentation infrastructure that suppor
knowledge to achieve explicit multiple goals as wide variety of connectivity options, while
well as maintains the reactive performance to thereserving robust performance leads to the
changing environments. Hybrid architectures takdevelopment of a new integrated design for mobile
advantage of the hierarchical and behavior-basedbot control architecture [23]. Hence, control
architecture while minimizing their drawbacksarchitecture must ensure the mobile robot will
[15],[16]. Intelligent hybrid controller in mobile achieve its task despite all these constrainti&jya
robot navigation has been exploited to overcomeontrol system describes what the system
the limitations in individual conventional contreil components should have, how the interaction of
[17]-[19]. However, previous studies show thatach components, and how the processing of these
employing this technique increase computationalomponents to provide functionality of the mobile
cost and consume more time in training process duebot control [24].
to overhead floating point calculations made if-rea Purel i ¢ h
time. This problem can decrease the performance of . urely - reactive system may have —many
the mobile robot especially when operating OI1]|m|tat|ons when applying to a domain which needs

embedded platform with modest capabilities ir#ong term goal planning [25], Deﬁberatwe
leasoning support long term goal planning but the

terms of speed and memory. Therefore this study|Om Utational cost mav cause the mobile robot
concerned with developing an intelligent hybri by Yy . .
ehavior to execute improperly in the rapidly

controller in mobile robot navigation exploiting hanai . oFl. | t i th
computational ability in the embedded controller tgnanging environmen Bl. In recen Imes, the use
get more satisfactory result. of a_lrt|f|C|aI intelligent (Al) to deslgn control
architecture has grown rapidly with successful
applications in mobile robot areas [27]. However,
2. PROBLEM BACKGROUND some literatures indicate that most control
architecture employed conventional Al methods are
Recently, autonomous mobile robot is beingveak in their learning capability [28]-[34]. It
extensively used in various fields stretching fronaccumulates all achievements of implementation
simple actions to their advanced implementatiorsoft computing techniques are connected with
Each implementation of mobile robot impliescreating of mobile robot.
particular concepts and engineering solutions able
to deal with problems emerging on the differen[,:a
level. Each mo_blle robot ha_s the basic of the_ mnfcr adapt effectively to dynamic and varying
system with different architecture. They differ "Nenvironments. Control architecture integrating soft

deciding method and process. For a completelé( : . ;
. - ~eomputing techniques such as, fuzzy logic and
robot, its control system must be able to deal with PUting d y 109

. X . neural network are proving to be effective and
large amount of comply information, uncertainty
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improves the intelligence in mobile robot control3, A NEW HYBRID CONTROL

[35]. Even though fuzzy logic can mimic experts, ARCHITECTURE

nevertheless, deriving and fine-tuning the entire

rule set and membership functions are often tedious In this paper, control architecture is proposed
and difficult. Neural network learn the trainingcombines advantages of deliberative computations
patterns are usually difficult to obtain, and tian and reactive actions. It takes advantage of IT2FL
time for the whole dynamic range is very long[46] and weightless neural network (WNNSs) [47]

These limitations have been a central driving forcassimilating human expertise with continuous

behind the design of intelligent hybrid controlrepresentation, combining with learning capability.

architecture, where two or more techniques arghe architecture is made up of WNNs as behavior-
combined in a manner that overcomes thelassification block and IT2FL as behavior-control

limitations of individual techniques. block. The control architecture device implemented

; : L ithin multi-processing of microcontroller unit
Type-1 fuzzy logic system (T1FLS) is prom|smgWI A . ;
technique in handling problem of mobile robot(MCU) as shown in Fig. 1. It consists of a multi-

application that contains uncertain and incompletgr(.)tcetshSor u;ut f‘f.‘d n:emgry, ;ntetrleal%ng thte o_lt_r;er
information [36]. However there are limitations jnUNIts througnout input and outpu (If0) ports. The

the ability of TIFLS to model and minimize themodular structure of control architecture is

effect of uncertainties [37]. Recent developmenll.mplemented over a low cost microcontroller
has been introduced an improvement of TlFLglatfor_m. There are three programmable quul_es
called interval type-2 fuzzy logic system (IT2FLS)are utilized such as sensor module, the navigation
[38]. This technique in mobile robot applicationrnOdule and. motor  drive modu!e_ in modular
indicates good result [38]-[40]. Nevertheless, thgtructure_.ln this work, the software is m_plemented
IT2FLS involves a computational Overheadmtoamlcrocontroller—based system dusttafford

associated with the inference engine and typ I—exl'.b'l':.y n tr:_e _?o(l;tvxéareh d((ajS|gnHowevgrl,_t the d
reduced fuzzy sets computation [41]. Thig€alzation 1S iimited by hardware capability an

computational overhead makes complexit anﬁan.also lead to high computational [48]he
diffic%lt to implement in embedded gpplicﬁtioneﬁ'c'ency and flexibility in this architecture cdre

[42]. Due to the mentioned problem, it is desirablt?'méljltlameousIy rzn_etthotherh_tre(gwren;ents using
to exploit a learning capability to enhance thdnodular approach in the architecture ot processors.
performance of IT2FLS in embedded mobile robot Three states of WNNs process are read, write
navigation. and idle. The three control signals that determine
- .. _these states atere’ (write enablg, ‘rce’ (ram chip
this research Utlllzegenable and o€ (output enableas shown in Fig. 1.

solver which is neural network as a deliberative’y considering the two situations that exist anel th

part and fuzzy logic as the reactive part. Compareglgz:zr;]ceedc’fmz 05?3;':}2;?;” ;?iiéﬁﬁgtl\cl)? Srgziig\%
to the conventional neuro-fuzzy methods [6],[43]-"* ’ S

[45], in this work the architecture combines th h(e)b"n:’\ol;(ijlgotortl)?)\t”%i‘ﬁi(l)en t'ﬁethoeb;?;gleetstizteatt;?\(l:at\s
interval type-2 fuzzy logic (IT2FL) and weightless com it In this work. the mobile robot rlrawovesy
neural network (WNNSs) technique named interVanward .the target and ’avoid a collision by changin
type-2 neuro-fuzzy (IT2NF). This hybrid techniqueth tion di 9 " d q . g gd' 9
provides the flexibility in modular design while € motion direction and speed are varied according
retaining a systematic structure, enabling an ea§9 the desired level.

design process in hardware by using paralleg
microcontroller and simple in software structure:
The modular  structure ermits  different . , .
combination of the modules V\F/::th other hardware _Sensor module is .conf|gured using parallel
and software, therefore new mobile robo{nlcrocontrqllerg where its controls the sensorep_uls
architectures can be generated. This allows futuf® shown in F'.g' 3. It calculates sensor reac_imgs,
work to be carried out by modifying the existingand selects which sensors are active according to

mobile robot to perform different, more complexthelr position in the rob(_)t periphery. _The sensor
tasks. module enable the mobile robot to interpret the

external environment in two ways: providing the
distance between the mobile robot and the obstacles
indicating where the collisions have occurred. The
sensors allow the mobile robot to determine object
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locations of the obstacles, walls and target withouequires a sum operation, subtraction and division
physical contact, therefore it could avoid and heaccan be achieved in RAM. WNNs is built using

the goal successfully. Ultrasonic and infra-redledicated parallel microcontroller to reduce the
range finder sensors are chosen to implement tltemputational cost, and IT2FL is integrated in the
detection of obstacles and target because it simpteftware solution.

and low-cost solution that can provide a fairly

accurate distance sensing [48]. Motor driver module exclusively generates the

pulse width modulation (PWM) signals to run the
To acquire the information about thetwo dc motors. The module composed of two dc
environment around the mobile robot, 8 ultrasonienotors, encoder, and all circuitry for the steering
sensors mounted on the front of mobile robot arand speed control. Several peripheral features are
used. The maximum effective detection distancesvailable including: timer or counter, two serial
under short distance pattern and long distang®orts, 8 bit wide parallel port and 8 channels high
pattern are 10 cm to 3 m. In order to reduce thgpeed 8 bit analog to digital convertekttached to
computing data then 8 ultrasonic sensors amach dc motor is an optical encoder which is used
divided into 4 groups to arrange at the foufor distance and speed calculation. The motor
environmental situation and four sides of mobilariver circuit constitutes a power driver that
robot as shown in Fig. 2. The groups are leftonverts the low current signals provided from the
obstacle, front obstacle, right obstacle and baghrocessor to high current pulses. discribes the
obstacle respectively. The sensor ultrasonispeed level of the mobile robot intercepts the
positions in all arrays are fixed; one on back sideommand and activates the corresponding routine.
and seven facing outwards at 30 degree intervalhe signal generate from the motors are controlled
starting from sensor 1 up to sensor 7. Théy PWM. The rotation angle is determined uses
placement of the sensors permits the detectiom of WM with frequency 50 Hz or 20 m sec. Output
obstacle in different positions. Sensor 8 is used from navigation module is 8 bit, as input of motor
detect obstacle at the back of the mobile robot fadriver module. In this work, the output dividesant
backward movement. two functions which are 4 bit to control the stagri
The central of the architecture is navigationﬁ%q[l; and 4 bit to control the speed levels of the
module that captures high-level linguistic based '
human expertise in a set of IT2 fuzzy rules. The se In the overall control architecture, both the
of feature vectors generated by the WNNs for aoftware and hardware implementation are dealt
given behavior state is used as input data to tiweith. The proposed control architecture has to
IT2FL to choose an appropriate output for makingrovide the flexibility of modular design while
navigation decision. The WNNs, whose inputs areetaining a systematic structure, enabling an easy
pre-processed by ultrasonic sensor readingdesign process in hardware and software structure.
informs the mobile robot of the environmentalThe modular architecture permits different
situation. WNNSs algorithm consists of two phasescombination of the modules with other hardware
the learning phase and the recalling phase. Durirpnd  software, so that new mobile robot
the first phase the network is trained under somarchitectures can be generated. This allows future
training regime with representative data, to penfor work to be carried out by modifying the existing
navigation task. The recalling phase is the stage mobile robot to perform different, more complex
which the network is actually used. Data is fed itasks.
the WNNs and the output is summed to get its
response. 3.2 Simple WNNs Structure

In  designing IT2NF algorithm  every
components utilize random access memory (RAM
and flash memory of the microcontroller due t

WNNSs must be trained to recognize the correct
atterns from incorrect ones and it works by

each component processor that produces a enerating all the possible input combination [49].

temporary  variables is  stored in  memory. 2 train WNNs, one must provide a suitable
porary y'quantity of data. This allows the network to

Fuzzyfication process is don_e by 'F‘de’?'”g th eneralize previously unseen cases, as well as make
memory where the membership function is store L L .
orrect approximation. Training is a single-pass

as a look-up table to produce a fast calculatidre T . . T . .
) . rocess in which each discriminator is trained
inference engine, the antecedent and the consequenj. . :

. . ihdividually on a set of patterns that belongstto i
sets are stored in memory microcontroller . o
. . . For a given training that belongs to what clask, al
respectively. While the type-reduction process
R ——————
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the sites of discriminator that are addressed sy thallows for the implementation where all the
pattern are set to 1. This process is repeatetalinti learning can be done by experimenting with the
pattern of set are trained and when the process physical world [54],[55]. As shows in Fig. 4, IT2FL
complete, the WNNs has encodes the informatiostructure and each reactive behavior uses IT2 fuzzy
in its memory register about the training subsesets to represent the input and output variables.
neuron structure of the WNNs as shown in Fig. 3. In the designing of hierarchical 1T2 fuzzy

. . . structure, the behavior of mobile robot navigation
During learning, the input vector from sensor - . I :

A Lo can be divided into a limited part of a speciaktas
module s;....s,, which is ann-bit binary number,

wheren defines the lenath of the input vector fromto achieve all behaviors. Therefore the operation
-Ngtn P . _alone would insufficient to perform the complex
O<n<oco. Every location in RAM addressed is a

. . o ) tasks. The navigational tasks is decomposed into
signed register. In_mally all of the registers aet (o five sub-tasks such as, obstacle-avoidance, l&ft an
0 or all RAM register store®. When all training ’ ’

right-wall-following, goal-seeking and emergency
pattern are presented to the ngtwqu; dat.a Storedsituation. Four IT2FL sub-controllers connected in
all RAM addressed register which is in write mode

a parallel configuration are designed to achieve

The network is counting the frequency of a b'.teach sub-goal. All the fuzzy rules based on 44ype

pEzEﬁ”Lng)l;fe\lncehzgcnol;r(;Itdeg(Ssds”I1int£]§ g:cnﬁgmn;?;”éf behaviors are defined by WNNs as different
m,n

no. ; ] " control policy as shown in Fig. 5
and2 " single bit storage locations. The WNNs will
generate a feature vectgx) when an unknown The capabilites of each behavior can be
pattern is detected to the networks that describédmbined through synergistic coordination to
the class of the input vector. The outpDts,of all produce composite behaviors  suitable  for
discriminator are summed together to give it§avigational tasks. All IT2FL behaviors are
response. produced preferences the same outputs therefore

. . L each behavior will map different inputs to outputs
The data is stored in the discriminator after alg eering and speed. Each behavior is an

trgining patterns- are presg_nted t_o the netwo_rk.ar? dependent and self-contained IT2FL with a small
give Fhe generalization ability. This means thas'_t number of inputs and outputs and a small rule base
possible to extract the general features of a givel} it serves a single purpose such as, obstacle-

concept based on the input information. The,siqance, right or left-wall-following and goal-
training set consists of an equal number of pa&te“%eeking behavior.

from each class. In this work, generalization is

introduced by considering the hamming distancgr EXPERIMENTAL RESULT
from training patterns. The Hamming distance”
between two binary patterris the number of bit
positions in which they differ [51]. It is simply is
defined as the number of bit that is differenliJS
between two bit vectors and this gives a rough ideéaO
of how similar thewo patterns are [52].

The proposed control architecture-based IT2NF
validated and experimented in our laboratory by
ing the riel embedded mobile robot on 8 bits low
st microcontroller. Corners and doors in the
corridor are asymmetric and unstructured.
) _ Obstacles in different shapes and sizes are aésb us
3.3 Hierarchical IT2FL as walls to configure the environmental pattern.
) ) ) The mobile robot estimates the world coordinate
The number of differences in perception of thgyased on the environmental pattern from the WNNs
mobile robot can encounter grows exponentiallyytput. Experimental results showed that the
with the number of sensors it possessbereby control architecture is dynamically reorganized
making the task of hardwiring behaviorsaccording to the changes in the environment. While
cumbersome and error-prone [53]. To cope Withopile robot navigates, the steering and speed erro
the huge rule basen this works,fuzzy behavior increases by wheel sliding and sensor noise.
structure is decomposed into hierarchical system byherefore, IT2FL strategy is to make control
breaking down the input space amongst multiplgecision with respect to pattern information in
behaviors. Hierarchical partition of space sensofgpile robot. Furthermore, the performance of
allows the mobile robot to learn the inDU'E'OUtIOUEﬁr(oposed architecture is evaluated in several
mapping corresponding to each layer independentiyperiments involving mobile robot navigational

from other layers. Each layer must be responsibigsks. A 3.0 m x 4.0 m area containing walls and
for one aspect of behavioral objectives. This

strategy significantly reduces the search space and
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obstacles is created as the mobile robot workingapable to minimize the effect of uncertainty in
domain sensor error and recognize the environmental
) ) _ pattern before making the action. The T1FL has the
Fig. 6 and 7, shows the plotting of mobile|grgest collision number compared to TINF, due to
robot trajectory on the simple and complexpe effect of uncertainty in environment and more
environment. Fig. 6 shows mobile robot trajectoryg|jisions are introduced. Furthermore, IT2NF
in simple environment, the mobile robot makesequces the computation time because of using
trajectory by enabling the wall-following behavior.\\/NNs to recognize the environment and activate
Initially, mobile robot with the three controlleum  (ha ryle in current condition. However, IT2NF can

with the same movement and direction, howevepag to incorrect response, depending on situation
when detecting the front wall architecture-basednq condition of the environment.

IT2NF able to perform deflection with a more

smooth motion than TINF and T1FL. o Tablel o
_ ) Reliability performance of mobile robot navigations
In Fig. 7 shows that by using proposed controt TINEC IT2NFC
architecture-based IT2NF always keeps the farthest, . Success  Relia- Success  Relia-
. . periment . L
distance from the obstacle with smoother bility bility

(%) (%)

movement compared to TINF and T21FL. Thus,One

when close to the target, IT2NF is able to reaeh th gpsiacle 18 8 19 %
target with the closest coordinate points than T1NFsimple 17 88 19 95
and T1FL. In this works, the environmental effect environment
on training to the generalization abilities is also corridor 16 80 17 85
investigated. The numbers of neurons areenvironment
determined based on the patterns formed in theomplex 15 70 17 85

environment of form behaviors including obstacle- environment
avoidance, right or left-wall-following and goal-
seeking.

The reliability performance is evaluated on the
To evaluate the performance of WNNswhole environmental patterns. This is observed
structure, 160 bit neuron structure is chosen ®ith When the mobile robot tries to recognize several
bit per neuron in 11 chips processor. The proposédivironments. The summary of the result is present
WNNSs structure then compared to WISARD inin Table 1. It is proven IT2NF has better reliaiili
monolithic structure and WNNs structure proposecompared to TINF. This is because of architecture-
by Simoes (2008) [56]. The experiments have beebased .lTZNF hasl the ability to Incorporate
done for different number of WNNs neuron and th¢!"cerainty values in the IT2 fuzzy sets, which

number of neuron inputs can be modified b)}eads to better performance. From the result,

. o ._~combination IT2FL and WNNs classifier responses
rearranging the connectivity to the sensors. Flg.q%%

h th " ¢ ition in b ow good reliability when the mobile robot starts
shows the percentage of success recognition in m different starting positions or when testedhwi

simple ~and  complex  environment.  Thecpanging geometrical settings as they deal in real
generalization ability shows how large thejme  are  involve dynamic changes in the
Hamming distance between the training and thgnyvironment.

current input affects to recognition level. The

results show the ability of the proposed architextu 5 coNCLUSION

has successfully recognized the environment.

Reliability is defined as repeatability or In th_is paper.control architecture-based IT2_NF
consistency. If an experiment is repeated mang’r mobile robot is proposed. Some methodological
spects of the control architecture implementation

times it will give identical results if it is relde or :
consistent [57]. In this work experiments arde described and the modular structure of control

performed to compare the reliability performance if'chitecture is implemented over a low cost
terms of collision per minute and time to reach th icrocontroller platform. It is new structure with

goal for T1FL, TINF and IT2NF control eallrnlgghablllty using W’\IINbS ?pproic_h V\;,hICPrtha;
architecture using simple environment and comple§O ved the computational bottleneck In the

environment involved. The proposed control architecture are

' o _ simple to construct, and do not necessitate a

As shows in Fig.8, control architecture-basedgignificant amount of storage, making them a

IT2NF has achieved the smallest collision duego it
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sufficient choice for an embedded mobile robof6]
with an adequate processor and small fixed storage.
According to the environmental situation, the resul
shows that mobile robot navigate successfully in
tight corridors, avoiding obstacles and reach the
goal, dealt with all the irregular shapes that arf/]
presented to it. Mobile robot can dynamically
recognize the environment situation and it able tf8]
initiate adaptive action to the changing environtnen
and achieve good performance. Embedded mobile
robot-based IT2NF is suitable in unknown,
unstructured and dynamic environments. For the
future work, we need to investigate on how td9]
extend and expand the proposed technique that is to
make it more general to all environmental condition
taking into considerations both static and dynamic
obstacles.
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