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ABSTRACT 
Thc papcr dcscribcs a robotic application in which somc fuzzy tcchniqucs havc bccn uscd to 
analyzc motion problcms in a mobilc robot. Thc robot is cquippcd with ultrasound scnsors uscd 
for obslaclc detection, but, in sonic cascs, small obstaclcs arc out o f  thc r a n g  of thc scnsors and 
can bc dragged by thc robot without bcing detcctcd. 'Fhc cffcct of  thc cxtcrnal obstaclc on thc 
robot motion variablcs can bc stablishcd by mcans of linguistic nitcs, making thc usc of fuzzy 
tcchniqucs. Using othcr variablcs such as mcasurcd vclocily, undcrshoots or that vclwity, or thc 
dcrivativc of the battcry vollagc, a fuzzy systcm i s  ablc lo diagnosc on robof motion problcms. 

KEYWORDS: Mobilc Robot, Anomalous Motion Froblcms, Diagnosis, Fuzzy Systcm. 

I .  INTRODUCTION 
It is widely admittcd that autonomous robots, indcpcndcntly of thcir application, must havc 

cficicnt locomotion systcms (low powcr consuniption subsystcins, highly prccisc scnsors, and 
large autonomy battcrics arc thc csscntial kcy points), rcliablc navigation and opcrational 
systcms, and bc ablc to work safcly in thcir cnvironmcnt. Thus, thc tcchfldogy rcquircd to rcalizc 
robust, rchable and safc robots is givcn considcrablc attcntion worldwidc. As a conscqucncc, thc 
usc o f  autonomous or scmi-autonomous robots in rcal applications is only possiblc whcn those 
robots exhibit a ccrtain ICVCI of intclligcncc, bcing ablc of fulfilling thc prcvious rcquiremcnk 
Thc most common approach integrating soft computing tcchniqucs in robotics is that o f  applying 
it for navigation [ I ]  and contrul [Z]. Somc othcr approachcs havc considcrcd thcsc tcchniqucs at 
thc lcvcl of processing scnsor information (ultrasounds, vision, . . .) appticd to localization [3], 
path following (corridors, walls) or obstaclc avoidancc [4]. The use of fuzzy tcchniqucs in 
diagnosis problcms has becn prcviously considcrcd [ 5 ]  but mostly in thc ticld of automation, 
without considcring autonomous robots. I t  is also possiblc to find similar problcms in the 
automobilc industry, whcrc somc fuzzy approachcs havc bccn applicd [6 ] .  Only a fcw 
applications havc bccn proposcd considcring modcl bascd diagnosis, mostly using artificial ncural 
networks, and ccntcrcd o n  thc diagnosis of actuator problcms. In ordcr to focus on this problcm, a 
gcncral architcclurc for intcgrating fauk diagnosis and recovcty modutcs into autonomous robots 
is bcing dcvclopcd in thc rramcwork o f  thc Europcan rcscarch prvjcct ADVOCATE II [7]. 

2. PROBLEM ANALYSIS 
The aim o f  this section is to providc a bricf dcsctiption of lhc AGV anomalous motion 

problcnis duc to ohstaclc collisions, and justify thc nccd for dcploying intclligcnt tcchniqucs for 
diagnosis and rccovcry action issuing. Thc inlcraction bctwccn thc vchiclc and thc colliding 
ohstaclc is of particular importancc in ardcr to appropriatcly idcntify and charactcrizc thc 
diffcrcnt variablcs involved in the proccss, and thc cxpcctcd global bchavior of thc systcm. 
Diagnosis on motion problcms should bc pcrformcd bascd on thc obscrvation o f  commandcd and 
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mcasurcd variables such as vchiclc lincar and angular vclocitics, battcry voltagc, ctc. Two main 
intcractions bctwccn the robot and thc cnvirontncnt have bcen idcntiticd: obstaclc collisions and 
uphill-downhill slopcs. Eithcr of rhcm can bc rcprcscntcd by an cxtcmal torquc dcnotcd by TWL 
that is appticd LO the vchiclc whcncvcr an obstacle collision or a changc in slopc occur. Mcasurcd 
lincar vclocitics vary gradually with slopc changes, as thc dcrivativc of thc slopc is a quasi 
continuous function in practice, and thus, it docs not yicld abrupt Twl, inputs to thc robot. On thc 
coiitrary, colliding obstaclcs producc step torquc inputs lo the robot at thc time thc collision takcs 
place. It incvitably causcs a sudden variation of vchiclc Iincar vclocity that is rapidly 
compcnsatcd Tor by the low lcvcl vclocity controller producing a short but dccp undcrshoot in thc 
valuc ofvclacity (vrcs), as dcpictcd in figurc 1.a. This situation is clcady distinguishable from that 
causcd by a changc of slopc (figurc I .b), indicating that thc robot has collidcd against an obstaclc 
on its way and that the obstaclc is bcing dragged by thc robot as long as its tincar vclocity has 
attaincd thc commandcd valuc. 

f vnr (due to an obstacle) f v,, (due to a s h p c  change) 
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t 
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Figure 1. Var-ioriun oflinear vrluciv~ a) Dzie 10 u drugging obstacle. b) Due lo U change of sIope. 

The dynamics of vchiclc vclocity, as a function of thc cxtcmal torquc Twr, can bc dcscribcd by 
thc simplificd cxprcssion providcd in cquation I as thc rclalion bchvccn TWL and thc angular 
vclocity of onc whccl pair uxs. 

D,(s) I TWL(S) (Ra+Las) / (k i .  k,: (srm+I)) (1) 

whcrc R, and La rcprcscnt thc intcmal clcctrical rcsistancc and inductance comporicnts in thc 
motor amamrc, kr is thc motor tarquc constant, kt stands Cor thc motor voltagc constant, and 5, 

stands. for thc mechanical time constant of thc motor-load systcm. Accordingly, thc duration of 
thc undcrshoot is morc or lcss proportional to rm. Likcwisc, ‘c, is a function of J ,  thc systcm 
inertia, which dcpcnds on thc obstacle wcight among othcr paramctcrs. This mcans that thc 
hcavicr thc obstacle, thc highcr thc valuc oft, and, conscqucntly, thc widcr the duration of thc 
undcrshoot. This simple rcasoning could bc uscd for diagnosis purposcs in ordcr to detcct the 
collision and, possibly, to makc thc diffcrcncc bctwccn a hcavy and a non heavy obstaclc. On thc 
othcr hand, a similar rcasoning can bc followcd so as to find a dat ion bctwccn thc maximum 
vclocity undcrshoot AV and thc systcm pammctcrs upon obstaclc collision. This rclationship can 
bc dcmonstratcd to bc the cxprcssion providcd in equation 2 (an clastic conscrvativc collision is 
assumcd for simplicity). 

Av=vi-vr=v, ( n b b . / ( m + m ~ ) )  (2) 

whcrc m and mb rcprcscnt thc mass of thc vchiclc and the obstaclc, respcctivcly, vi stands for thc 
initial vclocity of thc vchiclc (bcforc the collision), and vr i s  thc final vclocity of ihc systcm 
coniposcd by thc vchiclc and thc obstack after the collision. Two main conclusions can bc 
dcrivcd from equation 2: on onc hand, the hcavicr thc obstaclc the highcr thc amplitudc of AV, 
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i.c., thc highcr thc amplitude o f  the undershoot. On thc other hand, thc hiphcr thc iniliat vclocity 
of thc vchiclc thc highcr also thc undcrshoot. Although thcsc arc simplc approximatc stalcmcnts, 
as no assumptions about thc friction cocflicicnt havc bccn madc, thcy can scrvc as a basic support 
for linguistic rcasoning providing uscful information in ordcr to construct an intclligcnt diagnosis 
modulc. Due to the cxistencc of non lincarity in thc system, which arc difficult to modcl and 
idcntify, and considering thc prcvious statcmcnts conccming fhc linguistic relation bchvccn thc 
velocity undcrshoot amplitudc and duration and thc occurrcncc of a collision, thc usc of a fuzzy 
logic bascd diagnosis modiilc bccomcs apparent and convcnicnt. 

3. FUZZY SYSTEM DESIGN 
To dcal with complex problems such as robot motion, cxpcrt knowlcdgc is of priinc 

importancc to providc lhc main influcntial variablcs. 

3.1 Expert Knowledge 
Thc first stcp is thcn to dcfinc thc numbcr and naturc of variablcs that arc involvcd in the 
diagnosis proccss according to thc domain cxpcrt cxpcricncc. Considcring thc problcni of 
dctccting abnormal dynamics duc to obstaclcs dragging or cvcn shlling thc ncxt 7 input variablcs 
arc proposcd. 

Mcasured-lincar-vcloci~. 
Commandcd-tincsr-vclacity. 
Undershoot-depth and Undcrshoutwidth : a fast but dccp undershoot in vchiclc vclocity 
takes place upon collision with an obstaclc, until thc vclocity controllcr rcgains thc 
commandcd rcfcrcncc. This constitutcx thc kcy hint to propcrly providc a diagnosis on it. 
Difkrcncc-of-battcry-voltagc. It providcs a diffcrcnlial mcasurcmcnt of lhc dccrcasc in 
the battcry voltagc whcn colliding against an obstaclc. This dccrcmcnt is dircctly linkcd 
to thc vchiclc encrgy consumption, that should incrcasc upon collision. 
A ring of 16 ultrasound scnsors is uscd to providc range mcasurcmcnts around thc robot. 
Rangc-mcasurcmcnts and its dcrivativc, Dcrivativc~of~rangc~n~casurcincnts, arc uscfuul 
to providc infonnation concerning robot movcmcnt with rcspcct to its cnvironmcnt. 

Lct's consider thc usc or rangc mcasurcmcnts to gct information about a possiblc situation of 
robot stallcd. Thc valuc of variable Rangc-mcasurcmcnts is diffcrcnt from null (something is 
dctcctcd within thc dctcction rangc) and its dcrivativc is diffcrcnt from zcro. It could mcan that 
thc robot is moving in a static cnvironmcnt, that thc robot is moving in a dynamic cnvironmcnt, 
or that the robot is not moving but the cnvironmcnt is dynamically changing. Thc valuc o f  
variablc Kangc-mcasurcmcnts is null. In this casc thcrc is no infomation at all about thc 
cnvironmcnf and thus, no diagnosis could bc cithcr issucd. Thc valuc of variablc 
Rang-mcasurcmcnts is diffcrcnt from null (something is dctcctcd within the dctcction rangc) 
and its dcrivativc i s  zcro. This means that thc vchiclc is not moving. According to thc thrcc 
prcvious possibjlitics an cxpcrt rulc could bc construclcd by following thc next reasoning. If 
rangc mcasurcmcnts arc diffcrcnt from null and thcir dcrivativc is zcro thcn tlic cnvironmcnt 
surrounding the robot is not changing. If undcr thcsc circumstanccs thc vchicle odomctry systcm 
mcasurcs a vclocity ditrcrcnt from zcro, it can bc dcduccd that thc vchiclc is stallcd and its 
whccls arc slipping. Thc rule can bc formalizcd as follows: 

IF Rang-mcasurcmetits is not(null) AND 
Dcrivativcof-rangc-mcasurcmcnts is zcro AND 
Mcasurcd-l incar-velocity is not(zcro) 

THEN} Vchiclc-stallcd is truc 

47 



Anothcr cxamplc of cxpcrt rulc can bc produced for thc collision and drag casc. The rulc is 
providcd as follows: 

I F  Undcrshoot-dcpth is mcdium AND 
Mcasurcd_lincar_vclociry is low AND 
Dif'fcrcncc-of-hattcy-voltagc is ncgativc-small 

THEN Vchiclc-drags-obstaclc is  truc 

This rulc is complcmcntcd by a sct of rulcs analyzing othcr combinations of tcrms rclating 
diwcrcnt valucs ofthc 7 input variables, as well as by induccd rulcs as dcscribcd bcllow. 

3.2 Induced Knowledge 
In  ordcr to inducc complcmcntary picccs of knowlcdgc, somc rcal cxpcrimcnts havc bccn 

pcrfonncd so as to collcct data conccming thc vchiclc battcry voltagc and lincar velocity. In a 
first trial a small hut heavy obstaclc was dclibcratcly introduced in thc cnvironmcnt in ordcr to 
intcrrupt thc vchiclc trajcctory during autonomous opcration. Duc to its small sizc, thc ohsta.de 
can not bc dctcctcd by thc ultrasound-bascd obstsclc dctcction modulc onboard thc vchiclc. This 
causcs thc vehiclc to drag thc obstaclc along its way by incrcasing thc battcry current 
consumption, and conscqucntly, thc baltcty vollilgc goes slightly down. Lct us conccntratc on this 
cxamplc to illustrate thc knowlcdgc extraction proccas, including its cooperation with cxpcrt 
knowlcdpc. The expcrimcnt was carricd out for two dil'rcrcnt commanded lincar vclocitics. Upon 
collision, thc undcrshool had a dcpth or2.5% of command vclucity, for v=25 cm/s, whilc it had a 
dcpth of44% for v=l I cm/s. Wc now usc the rcsults o f  a sct ofcxpcriments producing this kind 
of prcproccsscd data, to dctinc variable highly intcrprctablc fuzzy partitions. Thc mcthod wc 
uscd, callcd hicrarchicat fuzzy partitioning (HFP), i s  dcscribcd in IS]. [ Is  originality rclics in that 
It docs not yicld a single partition, but a hicrarchy including partitions with various rcsolution 
Icvcls. For cach variable, thc initial partition is inadc up of f u z y  scts ccntcrcd about thc input 
valucs, if thcrc arc a fcw of thcm only. If thc input valucs arc too numcrous, thcy arc first 
clustcrcd into so callcd uniquc valucs. lnstcad of a dcsccnding proccdurc, an asccnding tcchniquc 
has bccn applicd. It consists of mcrging two adjaccnt fuzzy scts a1 cach stcp, the oncs which best 
satisfy a mcrging critcnon. Thc critcrion prescrvcs thc prcvious stcp structure by cirnaidcring a 
spccial sum of dktanccs ovcr thc training data sct. Thcsc distanccs are conccivcd to rcflcct thc 
fuzzy partitioning undcr dcsign. Figurcs 2.a and 2.b show fuzzy partitions with diffcrcnt 
granularity illat havc bccn dcrivcd by using thcsc two partitioning mcthods which arc 
hplcmcntcd in an opcn source soflwarc callcd FisPro 191. 
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Lct us note that all thc f&xy scts o f  all thcsc partitions can bc assigncd a scmanlic labcl. 
Analyzing thc fuzzy partitions, wc havc dctcrmincd that thc bcst suited rcsult is that obtained by 
HFP with four fuzzy scts, but adding a tlnh tcml, corresponding to thc labcl p i u / / ,  to includc thc 
casc of no collision that was not rcprcscntcd in thc cxpcrimcntal dam. Thc final partition sclcctcd 
by the cxpcrt is shown in figurc 2.c. As cxpcctcd, fhc partition is highly intcrprctable while bcing 
dcsigncd according to thc data. Thc fivc fuzzy scts corrcspond to thc linguistic lcrms mdl. stnull, 
medium. large, vey-lorge, Thc fivc anchor points in thc partition arc locatcd at 0, 15, 22, 32, 73 
c d s .  Bascd on knowlcdgc extraction automatic rulcs arc gcncratcd using lhcsc fuzzy partitions. 

4. RESULTS AND CONCLUSIONS 

For pcrformancc analysis of our systcm, scvcral motion lrials using BART (Basic Agcnt Tor 
Robotic Tasks) prototype havc bccii carricd out in fhc way prcviously cxplaincd. Thc coinparison 
of thc diagnoses givcn by the fiizzy systcin and the cxpcrt shows that thc fuzzy diagnosis was 
corrcct in most o f  thc trials. Next, wc arc going to prcscnt a trial cxamplc for illustrating thc 
overall process. ln this casc, thc robot (whose mass is 12 kg) is moving straight ahead with a 
lincar vclociq of 150 " i s .  Thc robot collidcs with a hcavy obstaclc dclibcratcly introduccd in 
i ts  tnjcctory and thcn thc vchictc drags thc obstaclc. Thc prcproccsscd variablcs involvcd in this 
cxpcrimcnt arc dcpictcd in figurcs 3.a and 3.b. 

Figure 3. Vehicle variables up017 heovy ohsfacle C C J ~ ~ ~ S ~ O I T .  U )  Vehicle ivekoci(1. b) B n I t q  voltage. 

Thc valucs o f  thc variablcs to bc considcrcd arc: Undcrshoot-depth = 67 cm, 
Mcasurcdplincarpvclocity = 143 c d s .  Diffcrcncc_of-batlc~pvollagc -0.28 volts. Thcsc valucs 
will activatc at diffcrcnt Icvcls four rulcs o f  thc systcm, whcrc thc highcst activation (0.85) will bc 
for the rulc: 

IF Undcrshoot-&pth is very-largc AND 
Mcasurcd~lincar~vclocily is high AND 
Diffcrcncc-of_battcy-voltagc i s  acgativc-big 

T H E N  Vch iclc-drags_obstaclc is true 

Accordingly, and indcpcndcntly of thc charactcristics of thc infcrcncc proccss (for any 
aggrcgation opcrators and dcfuzzification mcthod) thc situation will bc classificd as a clcar 
problem of draggcd obstactc. As conclusion, somc ground robot motion problems arc considcrcd 
iii  this papcr and cspccially thc dctcction, using robot motion paramctcrs, of non visiblc obstaclcs 
using thc usual scnsorial capacitics onboard thc robot. Thc systcm is ablc to provide diagnosis as 
wcll as rccovcry actions upon thcsc circumstances. As thc obstaclc charactcristics arc, obviously, 
unknown, thc global systcm, i.c. robot and obsfaclc, cannot be accuratcly modelcd from a 
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quantitativc point of vicw and only qualitativc (or approximatc) rcasoning can bc applicd. As 
dcmonstratcd throughout thc papcr, somc linguistic rclationships csn bc cstablishcd bchvccn thc 
obstaclc charac~cristics and thcir influcncc in the robot motion variablcs upon collision. Thc two 
kinds of knowlcdgc, cxpcrt knowlcdgc and data, convcy complcmcntary information. 
Noncthclcss, thc coopcration of cxpcrt knowlcdgc and data in systcm dcsign rcmains an opcn 
problcm, cspccially whcn thc goal is to gct a syslcm which is both accuratc and intcrprctablc. In  
this papcr this coopcration Is rcatrictcd to variablc partitioning. Thc distribution o f  data is uscd to 
design strong fuzzy partitions Cor cach scparatc variablc undcr cxpcrt control. This typc of 
partitioning cnsurcs cach fuzzy set cat1 bc attachcd a linguistic labcl. Thc final scmantic 
agrccnicnt is givcn by thc cxpcrt: thc fuzzy sct ccntcrs must corrcspond to possiblc prototypcs of 
thc corrcsponding labcls, Thcn, rulcs dcfincd by thcsc linguistic labcls can bc writtcn by thc 
cxpcrt. Prcliminaty rcsults show that llic approach i s  appropriatc but furthcr analysis is rcquircd. 
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