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Abslmct - This paper proposes a sensor-based path planning 
method which utilizcs fuzzy logic and neural network for 
obstacle avoidancc of a mobile robot in uncertain environments. 
In order to  acquire the information about the environment 
around the mobile robot, the ultrasonic sensors mounted on the 
front of mobile robot are used. The neural network, whose 
inputs arc preprocessed by ultrasonic sensor readings, informs 
the mobile robot of the situation of environment in which 
mobile robot is a t  the present instant. Then, according to  the 
situatiou class, the fuzzy rules are fired to  make a decision on 
the mobilc robot action. This structure has a merit that the 
fuzzy rules €or obstacle avoidance can be easily constructed for 
more cornplcx environments. In addition, this method can be 
implcrncoted real time sincc the number of fuzzy rules used to  
avoid the obstacles is small. The fuzzy rules are constructed 
based on the human reasoning and are tuned by iterative 
simulations. The cffectivcness of the proposed avoidance method 
is vcrilicd by a series of simulations. 

I. I N T l i  0 D I JCTIO N 

Path planning is one of tlie most vital task in navigation of 
autonomous niobiic robot. Path planning for mobile robot may 
be tlivitletl illto two categories: One is the global path planning 
based on a priori complete inforniation about the environment 
antl the other is the local path pliinning based on sensory 
information i n  uncertain environnient where the size, shape and 
loc,atioii of ol)stacles are UllIi1lo\v11. 
nietliotl incliitlcs configuration space 
Voronoi diiigraiii[2] and  potential field 
out i n  oft-line iii:aiinc:r. 1-Iowever, this metliod is not suitable for 
ntivigiition i n  coiiiples and dynamically changing environment 
where uiiliiiown obstacles niiiy be located on a priori planned 
path. Thus, this inc~thotl niust be followed by sensor-based local 
path planning, so ciilletl obstacle avoidance, carried out in 
on-line nianncr. 

Local pittli plxnning utilizes tlie information provided by 
sensor suc,li as ultrasonic sensor, vision, laser range finder, 
proximity sensor and binnper switch R.A.Brooks[4] applied tlie 
for(;c-fielti concept to obstacle avoidance problem for mobile 
robot equipped with ultrasonic, sensors whose readings are used 
to compute the I-esultant repulsive force. Borenstein and 
I<oren[5] proposed the vector field liistograin method for fast 
running iiioliile robot equipped with ultrasonic sensors. 
However, tlie Jiove inetliotls liave the shortcoming that it is 
difficult to f ind the force coefficients influencing on the velocity 
and direction of iiioliile robot in cluttered environment which 
c ~ n  not be tlcsc r ilietl 

111 ortlcr to overcon~e the above problem, fuzzy logic lias been 
eniploycd iu obstacle avoitlance for mobile robot navigation. It 
has ia,n atlvaiity,P tlmt it deals with the various situations 
without analytical niotlel of environment. Recently, many 
researchers proposed tlie navigation algorithm using fuzzy 
control. Talieuchi[4] pro1)osed the hallway following method by 
estractjiiig the f ~ ~ t i i r e  from simple hallway image. Sugeno[S] 
used tlic I'iizzy control i n  ortlci to Ilialie a vehicle equipped with 
the ult.rasonir sT-'nsors iiiovc into gara.ge space. Ishikawa[(i] 

I 1 I i a,t hen I ati cal model. 
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presented a sensor-lja.setl navigation inethod using the fuzzy 
control i n  an indoor environment and concentrated on 
constructing the el'ficimt control knowletlge base. However, in 
complex eiivironiiicnt, the above metliod lias disadvantage that 
it is tliIficult to construct the rule-base as well as 
time-coiismniiig to tuiie the constructed rules appropriately. In 
addition, it takes inucli time to infer the mobile robot action 
since :ill the rules tire usctl iii tlie reasoning process. 

To avoid siich criticism, a sensor-based obstacle avoidance 
controller using fuzzy logic and neural network is proposed. 
While the neurxl Ilctworli plays a role of situation classifier to 
jutlge tlie sitimtion around nioliile robot, the fuzzy logic plays a 
role uf infwsiice eiigine to decide the inobile robot action from 

ociatetl with the classified situation. After 
classifying the couil)les environment into some primitive 
situations, the construckion and tuning of the rules are 
perforinet1 with regard to each primitive situation. This 
a.voidance controller is siiiiulatetl for the wheeled mobile robot 
iiaiiietl as L( :AI{ \vhicli liiis been (leveloped in Laboratory for 
Control Systrui k Aiitoiiiiition, KAIST. As schematically 
sliown in Fig. I ,  it is equipped with twenty six ultrasonic 
sensors niountetl on the front of mobile robot and stereo 
caiiieriis iiiount,etl ou the top of mobile robot besides the 
internal scnsors for dead reckoning. Tlie measurement range of 
ultrasonic sensors ca.n be adjusted within loin by sensor control 
board. In  the sininlation, the validity of the proposed method 
using tuzzy logic antl neural network will be discussed. As a 
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result ol the simulation, cven in tlie clnt tcred eiiviroiiiiieiit, tlie 
performance of tlie proposed controller is siitisfactory even with 
sinal1 nnnibcr of tlie rules uset1 to avoid tlie obstacles. 

11. THE STI<IJCTlJHE O F  OBSTACLE AVOIDANCE 
CONTROLLER 

Tlie struc,ture of avoidance controller employed in this paper 
is shown in Fig. 2. This controller receives the goal 
configurt~tion coii~iiiiiiid ( x , ~ , U ) , ~ ~ ,  from the higher level planner 
consisting of a global path planner and a riiission planner and 
tlie 11rcsent configuration ( ~ , y , U ) , . ~ l , ~ ~  from the lower level 
controller. Tlien, this controlla regenerates the immediate 
subgoal CO n fi g ti rat i on (x, y , U )  ref wit hi n t lie semi ng area and 
transfers it to the lowcr level controller called dead reckoner. 
Tlie lower level controller using tlie internal sensors performs 
tlie control action i n  ordrr to ena,l)le the mobile to arrive at the 
desired position. Tlie obstiicle avoidance controller is 
constructetl into tlirce levels. I n  the first level, tlie relative 
range inforniation is o1)taiiietl by ultrasonic sensors. In  the 
second lev& the situation class of the environment, in which 
tlie mohile robot is placed, is selected. In the last level, 
according to tlie cliosen class, avoidance behavior is determined 
based oii tlie priniitive rule base. 

i Primitive Decision of  
rule base - avoidance 

behavior 

Environnient where iiiobile robot navigates can be cla,ssified 
into static. itnd tl y uainic. The d y uaniic environment can be 
defined xs: Obstacles ciiii move or cliaiige their shapes, or any 
obstacles m a y  not  lie registered i n  global map in the beginning. 
Therefore, loc~i l  path planiiing bwetl on sensory information i s  
required. I n  this paper, eigliteeii ultrasonic sensors of the 
iiioiiiitcd sexisors ~ r c '  used to utitlerstantl environmental 
situations, for example, wliiit types of obstacles exist in  front of 
mobile robot or whctlier mobile robot ciin go through without 
colliding with obstacles. Fig. 3 sliows the arrangement of 
ultri~sonic seiisors niounted on tlie front of mobile robot;. Their 
teclinicxl specifications a i ~ t l  bcam pattern may be found in 
Pola.roitl['i]. Tlicy are controllet1 by a SO31 microcontroller 
comniuiii ca t et1 \vi th P(:-AT coni pu ter . Their control boards 
coiisist of a transniittcr ~notlule to fire the pulses , a 
receivcr/Saiti-control inodulc to receive the attenuated echo 
1)ulses and  a switcliing uiotlule to arbitrarily select the 
activation of tlie seiisor according to the sensing mode. The 
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Fig. 3. ?'Ii(3 nrrangcniciit of ultrwonic sensors aiid coordinate 
fralllcs of \\vr1<space. 

block di;igrani of' tlie range finder is shown in Fig. 4. Each 
n1tr;isonic: SCI~SOI '  c i ~ n  he ~nodclletl a s  shown in the upper 
rightliantl of Fig. :I. Due to its beam opening angle CY, the area 
coverctl Iiy se11sor can be ;q)prosii~i;~te?d as a cone shape. As 
sliown i n  Fig. 3 ,  the inobile robot has five sensor suits, and each 
sensor suit consists of three or four sensors. The distance, d, 
from tlic ccnter of roliot fraine {I<} to an obstacle detected by 
i t l i  sciisor and ils tlircction, 9, m i  lie expressed, respectively, as 
follo\vs: 

where y is tlic augle I)c%\vcen two adjacent sensors and R is the 
r ~ l i u s  of tlie iiiol~ilc roliot. I t  is i~ssuiiictl that tlie y-axis of tlie 
coordinate f ' t .xii ic~ {It} is aligncti with the nioviiig direction of 
mobile rol)ot. 111 tlir case of a wall shaped obstacle, d and p are 

Transmit 
Circuit 

Switching 

L;2!2b Circuit  

U/S x 26 

Pig. 2. Tlie structure of avoitlaiicc+ controller. 
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~ l i r r c  (xl l , l ,y , l , l )  ;iiitl  ( x l l l ~ .~ l , l ~ )  ;ire the coordinate values 
rqircseiitiiig tlic i i i i i i i i i i i i i i i  tlistiinces from the center of the 
l.ol,ot iralllr { I t }  to ol1st acle. 

B. En i l i ro  ~i I t )  i i i i  S'if i j  c i  f i o i i  ~ ~ ' l c i s s  

\ V h ( ~ i  t l i r  iiioliile roliot go through the cluttered 
eiivirouiiic'iit, a varicty of' cnviroiiment situations may arise i n  
front oi' i i iOlJ i l ( '  i.ol)ot. To provitlc the most siiita.ble avoidance 
Iieliavior t o  tlic. iiiohilc roliot, i t  is necessary to classify the 
various (lii v i Io ti i I i (> ii t sit ua t i on  s i ii to sonie si nip le classes. The 
I)!it,tcwi ol tlir riiiisc; iiiiage foriiictl by sensor rneasurenients 
gi v(1s u s  t 11 cx i 11 1'0 r I  I i a t io ii itliou t eir vi roiiiiieii t situations: whet her 
iiiobil(~ i.(iI)ot ('an go through the environment without colliding 
witli OIJS~~W~ICS o r  iiot and  what situation takes place in front of 
tlie ~iiol)ilc roi)ot. To divide tlic coinplex situation into the 
siinplc onr, o1mi s p a  that is, a safe path through which 
niobiic rolxit ciiii so i .onsitlercd If the open space does not 
exist I)ct\vccii tlic t \ \  olxitacles, they are merged into one 
ol)staclc. llsiiig tlici upon sl iace, the cluttered environiiient can 

iiiiple c l w i e s  based 011 the range image 
ituatioii classes itre sliown in Fig. 5. The 
rciiresciit the citses wlieii the number of 
one or t w o  within sensing area. In these 

ys exist. Tlie third and fourth class are 

e~ivir~iiiiiicnt. The i'i1't 
located iii t h e  coii 
correspontliii.; to t l i ~  
dead itllcy. 111 this clas 
dircctioii. 'Thc last cl 
whicli there is 110 o l J s t i t c k ,  which is the case of the open space. 

111. iYELJRAL NE'l'\"lORI<-BASED SITUATION 
( :LA ss I FI Eri 

A.  St?w.fci?Y 0 f Ncrr / . N I  n'c~l.lci07.k 

For tlic navigation of mobile robot in  cluttered environment,. 

Fig. 5 .  'IYie typical c l m w  of eriviro~~nle~ltal situations. 

it is i i i ip ( i r ta i i t  to l i ~ i t i \ ~  the  erivironnieiit situations. If the 
present ciivironiiieiital situatioii is recognized, i t  is easy to 
tlecitlc the avoi t lance action since tlie variables to be considered 
Cor avoitlwnce tire easily tletlucetl froni the given situation. In 
this study tlic neural ~ictwork plays a. role of situation classifier. 
Tlie inputs of tlie ueural network are tlie range images formed 

iiiic s(~iisor rciitliiigs. The network outputs identify 
viroiinicnt situations, so that the mobile robot can 

i i i a k c ~  appropriate decision 011 how to move i n  response to the 
itlentil'ictl eii~ir~iiiiiic~~it. As sliowii in  Fig. 6, the iietwork used 
herein litis o w  i i ipii t  Iayw, t h r w  hitltleii layers and one output 
layer. Tlie iiiput iiiitl  output layers have 18 neurons and 7 
neu r~ i i s ,  r(:spectivcly, wliile the hitltlen layers in turn have 10 
~ ieu r~ ins ,  5 ncuroiis a n d  I2 neiiroiis, respectively. This network is 
parti;illy cci i i i i r (~t(~1 I~ct\vceii the input layer and the second 
hitltleii laycr a i i t l  its rciiiaiiitlcr is fully connected. Tlie neuron 1, 
2 aiitl :3 of tlic i i i p i i t  layer are the distances from the center of 

t to olist:iclc iiicasurctl by seiisors belonging to the 
suit. Aiiioiig tlip scvrii neuroiis i n  the output layer, 

uro i i  is activatctl. This activ:itetl neuron represents 
tlie eiiviroiiiiic,iital situatioii wlirre tlie mobile robot is at the 
~irescnt instant.  

B. T/nj/iitig iiic A'ciiritl 

111 oi , t lcr  to Icarii t l ic  riiviron~~ient situation, it is important 
to extract tlic. trainiiig saiiiple patteriis. I n  order to reduce the 
iiuiiilicr of tlic~ traiiiing saiiiple patterns, the sensing area is 
tl ivit lctl  i i i t o  1'ii.r icgioiis a s  sliowii i n  Fig. 7-(a). The regioiis 
surroiiiitlctl liy I,liick lincs iepi'csent the area covered by one 
s e i i ~ o r  suit. Suc.li rrsioiis agaiii 2 1 . 1 ~  divided into the nine or 
twelvr siiiall rcgioiis by using the threshold values. The first 
tlireslioltl va l i ic~  dL l l l  rq)rrseiits tlie tla.versability and the value 
is ciilculiitctl Iiy 

(8) K 
dt l , l  = I{( l+c)cot(-) s 

tlius of inoliile roliot and t is a safety factor set 
tl ~l i rcshol t l  value tltll? is set to the twice of the 
Iue whi le the dmaX is set to the maxiniuin range 
'tiins to those tliresliold values, the distances 
iiohile roliot to ohstacles are represented by 

thrce tlcnotetl Iiy tho iiit j 0, 1 aiitl 2. In this case, total 
nuinher of the input p a  s required to train the neural 
network is :jIs. lkiwever, siiicc the nuinber of sample patterns is 

11ip1c. pattern is chosen based on the region 
or suit. I n  this case, the number of training 
:js. 1 T o r  eminple, as shown in Fig. 7-(b), let 

us coiisitlcr the ciise when two obstacles appear within the 
This elivirolnilent situation belongs to the class 2. 
he training saniple pattern is chosen as follows: 
2 1 1 1 ~ ~ 1 2 2 2 2 0 0 0 0 2 2 2 )  

output = (0  1 0 0 0 0 0).  
Thus, the neural irrtwork usccl a s  a situatioii classifier is trained 
using tlie :I5 saiiiplc pattcriis. 
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111 NS: 7iwgnlive sirin11 
z%: Z(! I~ (J  PS: posit ive small 
Phl: po.vilCuc m c d t i i t t i ,  PB: positive big. 

Fuzzy ~ I I I J S C % S  coiitiiiii eleinents witlr degree of membership. 
Fuzzy Ili~lllb~l'Shi]) function / I  ( . )  of fuzzy set, d, assigns a real 
nuniber betweeii 0 to 1 to every eleiiieiit in the universe of 
discourse. This nieinbersliip value iiitlicates the degree to which 
tlie elenicnt 1)elongs to tlie f'iizzy set. The membership functions 
of the f w y  sct tlcl'in 
Altlioi~gli l'iizzy iirciiiI) hip function can liave various shapes 
tlepcxtliiig 011 t , l ic  i g n d s  piderence, trapezoidal arid 
t r img i i lu  s1iapc.s aIe c en to siiiiplify the computation. 

H .  Neck 13rrsc ('otcs/,.cccliotl., 

(1 

for avoitlance are shown in Fig. 8. 

The ol)stacle avoidance rules itre constructed based on lrumsn 
rca.soiiiiig. Sin(,(. tlic C0l i l l )~eX eiivii,oiinieiit is classified into some 
siinple sitiiat,ioiis, it is ra.sy to construct a primitive rule base 

ocintctl with cacli si~,iiatioii. I n  order to construct the rule 
i\scS cflbctivcly, let us consider the important factors 

assoc%Ltcd with c;\c11 cIa:;s. 

I )  (;'kiss I :  t l ic  case witli  one obstacle. 
In  tliis CiiSe, llie i111p01,ti111it pnraiiicters to be talteii into account 
for ;~voitli1lic(~ are tlie position of iiii obstacle. Thus, the fuzzy 
variahlcs to IF  iisctl i n  tlrc rille construction are (1, y and 1J. I n  
tliis cl;iss, two op('11 s p a c m  iil\vays exist. 

t for avoidance in this 
tlie fnzzy variables to 

be used i n  the rille constixction are tli, yi(i=l,2) arid $. Where 
the intlox 1 tlciiotcs tlic position ant1 orientation of the mobile 
roliot rclative to tl iP ncarcst ol~st~irlc while the index 2 denotes 
those rclativc to  tlir 

Y) ( I r c s s  S o r i d  4: the ciises with one or two wall type 

~ t l ic  avoidance actions tliff'cr from those of the 
T l i e  ;tvoitlaiicc action is to move parallel to the 

011s t aclrs. 

w a1 1 w 11 i 1 o I I i a.i I I  I ai n i ng t 1 I e si\ I'e tli s t :tiice. 

4 )  ("ln.s.s ,5: IIIP ciisc \yiLIi  one obslacie i n  the hallway. 

a) Distance to obstacle, d b) Direction difference, $ 

P,(.) PLY(.) 
4 A ,b * 

0 V, -135"-90'-45' 0' 45' 90' 135* 

c) Obstacle direction, 61 d) Mobile robot velocity, v (9) 

e) 'Incremental steering angle, A19 

Fig 8. 7'1irx ~ i i c i i i b t ~ i  \h ip  f'uiic,tjoii.s of fuzzy variables. 
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111 this ( 'as( : .  t l i c  1111(vi i ~ r c  colil1)iiiccl with tliose of tlie class 1 arid 
4 .  Tlir pn ra l i i c t cw r i s c ~ l  iii I lie rule base construction are d i ,  
p i ( i=lJ i j )  iiiitl  i ~ .  

5) ('/(/.ss 0': tlie case with  dead alley. 
, avoitlalic.e actio11 is to follow the boiiiidary of the 
t a i l  tlie itioljile robot arrives at imaginary goal 

posit,ioit ivliilc iiiaiiitiiining the safe distance from obstacle. Tlie 
itit:kgilti1ry goiil positioii is tletcriiiiticd by storing the dead alley 
positi(iii. Tlic straight path is plaiictl between the stored dead 
iilley positioii aiitl go;il position. The iniaginary goal position lies 
oti the planiietl p;itli. I f  the itiobile robot arrives at the 
iliiaginary position> tlic situation class 6 is disabled. 

w i t h  i io olxitacle i n  the seiisiiig area. 
c roljot c:ui iiiove at  niaxinium vt:locit,y or 

i i i a s i i l i u i t t  stccritlg airglc to \va rd  the goal position. 

W i ( w  tlicse I'iic,tors i i r ~  tilkpii into consideration in 
coiistriictitio, tlic rul(t I m e ,  tlic ritlcs for obstacle avoitlanc,e take 
the for i i i  by itsing lF-TlIl2N statciiteiits: 

wlierc p aiit l  (1 t l i ~ ~ i o t c  t l i e  t iui i lber of tlie linguistic fuzzy subsets 
for V a i i t l  A(-). rc~sl)c'c't,ivc.ly. 

'V . SI h I 1 J I.. AT1 0 N 

As a n  iiliist.riition of' tlie foregoing process, a series of 
siiiinlatio~is were i l i n t l ~  usilig iili arbitrary coiistructed 
eliviroii~iic~iit, coiiiposiiig of ten obstacles. In such an 

cs of tlic situations classified by neural 
ictl that the ralius of mobile robot is 

ent is 401nx40m. The 
uined to be six times the 
robot speed was assumed 

ule bases constructed in tlie previous 
011 were inferred. Fig. 9 shows the 

)idaiicc. actioli wlieii tlic rule bitses tire used. As shown in the 
figiiw, tlic t i i o I ) i k  rolwt fails to avoid the obstacles without 
collisioii. I n  this e s a ~ i ~ p l e ,  eiiviroii~itciit situations classified by 
I I ( W ~ I  l i (> t \vo r l i  i11.isc i n  tlie ortlcr o f  tlic situation class 2, 3 ,  4, 5 ,  
2 ,  I n n t l  4. !\s slioivti iii the  figiirr., iii ordcr to make the mobile 

I i i iv i~  tlic> a\witlaiicc actioii suitable for the class 1, rule 
result after tuning the rule base of 

10. ?'II(J figure sliows a satisfactory 
tla.iic,e action associatetl with hallway 
ory  i n  tcriiis of tlie path smoothness 
11, riilc I~ase associated with hallway 

cuvil.otiiiicxt. is tiliicd by tlic siii~ie procedure used in situation 
c l i ~ s s  I .  l > i q  I 1 sliows the result of tlie iinproved avoidance 
iictioli. \ \ ~ I i ( ~ i i  tlifi'wwt start aii t l  g o d  position is given, 
avoitlaiiw a.c.tion itsilir; t l ip rulc 1)asc tuiictl in tlie above is 
illristratotl i l i  Fig. 12. Fig. 13 shows the mobile robot action i n  

ol t,lic! tlr;itl allcy. I n  this cxiample, tlic mobile robot follows 
)oi I ii tl a Iy 11 1 o 1 1st a d r \v  ti i 1 c i i i a i  11 t i\ i n i  ng ii safe (list aiice from 

ol,stac~lc. 

\ ' I .  ( (0 N( :I, I J L) I N C; L<Eh/l A R I< 

.A s ~ ~ i ~ s i i r - l ~ a s c ~ l  olistacle avoitliuice suitable for the cluttered 
r t i  v i  ro ti 1 I I C I  I t I i a s  I )cm I ) r ~ s e i i  t r tl. Tlie avoidance method uses 
tlie ~iciiri~l ~ i c ~ l w o r l c  to rcw+yiizc! tlie Piivironmental situation in 
w lii r l i  t l i t 3  ti to1 i i  I(, ro  is at the prcscnt iiistaiit and the fuzzy 
lo$c to iiiI(1r tlic a\ m c e  action Irolil a rule base associated 
\vi tli t lie rcw):lr i zctl lation. This approacli is effective in that 
tlic colistriic,l ion alii1 tiiiiiiig of rules can lie easily realized. 
Sincc tlio avoitliiiiw action is inf'emtl from the rule base 

ocintctl w i t h  thc, prwiwt  sititation riLtliCr tliiui the whole rule 
'es, t l i i ,  ~ i i ~ t t t I ) ( ~ r  of 1 i i l i ' s  t ~ ~ t i p l o , v t ~ t l  it1 tlic reasoning process is 

SI I tal I. '111 c~.c~i'o I,(,. t l iv  I I icitliotl Vi\ ti bc iinplementetl in the 
r(~iil-titiir ol)stac. ic~ avoitliiitce lor I l lol>ile robot. Iii further study, 

Iiw to I(iar1i tlic r~iviroiiiiieiit situation in 
Ica rtt i i i  g-I iy--o I )scin: ;i t i o I I i 1 ia  iiii er ;til tl to t line the rules 
attl,( it ioti ioiisl?. s l i o i i l t l  I](> colisitlei.c~tl. 
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Fig. 11. A i i  ol)stac,le A\:oitla.iicc using the iiiore improved rules. 

0 0 

1 I 

Fig. I O .  The siiccessl' i i l  C B S E  o f  olistnclc avoitlancc. 
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