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Certainty Grids for Mobile Robots LR

H.P. Moravec \
Carnegic-Mellon University
Pitsburgh. PA 15213

1 Abstract

A qumencal representation Sf uncenain and ncomple enser
0w edge we cail Ceraingé Gnds has heen ased successfuily :n
weverd of aur past mobtie/ noat contol programs. and nas proven
eif v e 2 powertul And sfficient umifving solunon tor sensor
‘usion. mogon piannidg, andmark -denuficanon. and many other
zentral problems. W€ propose o build 3 voftware framework nun-
ung - processors onboard our new Uranus mobile robot that will
Tanmin 1 propabtiisnc, geometne map of the mooot’s surround-
.mgs 18 .t moves. The ‘cenaunty nd” representanon will allow
S map o0 ~e incrementaily :pdated :n 3 sniform way from var-
ous rees ncluding onar, <tereo vision, proumuty and contact
Lnsors. The approach can correctly nadel the fuzziness of cach
wadinz, shiie it the ame mme combining Muitipie measurements
"0 oredule snarper Tap leatures. and (1 can deal correctly with un-
ceriunnes i the robhet’s moton The map #1ll be used bv slanning
cregrams 0 choose ear saths, dennfy Locagons <hy comrelatng
Taps.. adentty aeil cnown and cnsutficiently sensed cerrun. and
ertaps dennfy ofects by <hape. The certainty grd representanon
\, S3n N sxienced .notve sme smension and ased o detect and Tack
\z‘:‘\::\; ety Evencpe umpiest terions of the dea atll dilow
I8 CUTEN Lran gnifora 2y o SrogT ohot ‘or 11sks chat mave
itherno feen dut of TNgn AofOx torward 10 4 orogram that caa
AXTLWMT 2 TIION 4nd Ty TS slrnting Jiace. ising Map <nap-
SN0t TOm LIS uithoeRd -:vun"}\'\'n dng s A3V "MK, Sven .0 che
sTesesce of Asigr<ances of s mdton and cisional changes n

ne fetain

b

2 Introduction

Rooot Toton Mlanning cyiems dave ssed Manv space and o0-
a0 Toreenranens Thelts tave Seen medeiled Py v zons 1nd
XYY O JOUNCES v LN ed HUMES. FTEC SDACE NAS een Dar-
uoned 210 Yoo Tzoas . more seunsaodily, free cormders.
Tracitonadily che mocels Mave neen harg sdoed - nositional ncer-
‘un ¥ onsdersd at Ll 428 ssed 1 ast 1 e wnecal tiaces
TONE L JUMINIAS, 2XTreSsed S 1 Jaussuan orresd. 2aruy mis s
h SU.2 OO0 ANMYGCL LIRCUIY N MAmSUannY Nernng Lncer-
“unties, SsDECiLlY i te Jsmbutions ire 1ot Jaussian. womo.ele
srror maceiling reduces posinonad accuracy More sereusiv, ©oan
SToduCe TnnrTivofauty Conciusions: 3 Tise Jelermundtion ioin
CIE 73 UTIIAN JOCAnON. COF astoe. Tav lerml an satire tan
M INETIIOE ADOUL 1B OCalion O suiiEts of AN 00Cl 3evause

“hev neglect uncertainties and altermative interpreanons. such pro-
grams are Hnitke  When they ump ‘o the nght conciusions. they
do weil. dut 1 smail error carty :n the aigonthm can e amplified
‘0 produce 3 ndiculous acuon. Most aruficial ateiligence based
robot controdlers have suffered frem this weakness.

We ve butlt our share of bnirtle congoilers. Occasionally, how-
ever. we stumbie xrToss numernical tas opposed 0 analvuc) repre-
senauons that seem to escape this fae. One s Jeep .nside the
program that drove the Stanford Carr :n 1979 6]. Zach of 26
samnngs of nine :mages from a1 <liding came-a produced a stereo
Jepth Teasurement of a given ‘eature. :denufied ov 3 correiator,
:n the nine ‘mages Some painngs were rom short baseiines. and
had ‘arge dsiance uncertainty, others were ‘rom #ideiv separated
«iewomnts. with smail seread. Te probability distmbutons from
ne 6 readings aere sombined rumencally :na (000 cell array,
sach [eil representing a smail range nterval (Figure i+ Correlaror
mawching errors often produced 2 multi-peaked resultant dismbu-
10n. Sut the largest peak Umost aiaays gave the .orrect ange. The
Srocature 438 he Tost error oierant step :n the (art 1as :gator,
ut it aone did 7ot rotect the &.wie progrim ‘rom drntleness.

A Jdescendant of the Cant progzram by Thome and Mathies con-
uned @ Dath planner (5] that moceiled door space is 3 nd of
ctils contaiming tumbers tepresenung he sunacility ¥ cach re-
ion © 5¢ on a1 fath. Regons sear obstacies had low cuitapility
anile :mpty .pace +1s fugh. A relaxanon algonthm fourd locaily
amum paths Figure 2! The srogram representwed .ncertainiy
Qe .0cazon. W 2ven existence. of obstacles by having the suit-
40UV TumMDeErs Of them vany wcording o exiended, mverlapping,
arecapity dsmbutions. The menad Jeait sery Teaaniv and com-
ceiy »iith anceranty. dut 1iso surfered ‘rom neing emoedded n
1 Xheraise “niLe Srogram.

Sur most thorough ase o 2 tumernical model of 2osizon ancer-
A0V < g o<onar mapper. map makcter and fath ranrer feveloped
mzaly Cor masizanng che Denmng Senmy 40 L Y1 Space s
~Toreseried 1S 3 ST O Jels. T Tapping an orea O an some
ceruons L8 cenometers a1 uoe nd contaimitg two rumbders,
e me mnmated teabiany (hat te irer s smeey che her that
s wouped. Cells anose state W cupancy s comoeleiv in-
0w Tdve At sedabidines xro. and acon<stent 3 s A-
Zwaed footh tumoens are ugh Many of he dgoniims work
A ne tference of he tumbers. Zach arde ngie onar ead-
a2 asds 1oy et calf of rTpuness. it aohomy legres
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Figare 1° Nime Eyed Sterve - denuficatons of 2 pomt oR 20 Obext seen ¢
name Lifferent umages aken a3 3 camera aversed 3 Tack o ngt mgics © 1S
Jwrectom of view. Each pmrng of images gives 2 siereo haselne, some shont
wome long. Long baselnes have less uncrnunty :a the akulaed Gisance
The Ssinbutons for all 6 possuble panngs arc added 18 2 one Lmensxwnal
“enmnty gnd”, and the peak of Uhe resulant sum aken a3 the atzal Distance
10 the obgect. The (0P graph s for 3 case where are nine wdentificauons of the
PO 1N Ut UNAgeS WE Sorrect.  The botxwm s 3 e where one .mage 3 .0
camor. The amor produces eight small peaks &t mcorrect kocatons, Mot these are
no masch for the accumulaeson of the correct valucs.

arc of occupancy. by iself a_very fuzzy image of the world. Sev-
eral hundred readings together produce an image with a resolunon
often better than 15 cenumeters. Jespixe many aberrauons :n indi-
vidual readings (Figure 3). The resiliency of the method has been
Jdemoastrated 1n successful muiti-hour long runs of Denning robots
around and around long Tajectones. using three second map build-
ing and three second map matwching pauses at key :ntersections 10
repeatedly correct thewr posinon. These runs work well :n clutter.
and survive disturbances such as peopie milling around he running
robot.

Ken Stuart of MIT ind Woods Hole has .mpiemented 3 :nree
dimensional version of the sonzr mapper ‘or ase #1th small sub-
mersible craft. Tested so far only in simulanon, Sut :n the oresence
of large simulated errors, Stuart’s program provides extremeiy 00d
reconstrucuons, :n 3 (28 « (28 < 64 ammay. of large scaie erraun,
working with about 60, 000 readings ‘rom a sonar xansducer with
1 seven degree peam. Running on 1 Sun computer, his program can
process sonar data fast encugh (0 keed ip aith the approximately
one second pulse rate of the Fansducers on he two Jandidate sub-
mersibles at Woods Hoie.

Recenty Serey ind Martthies demonstrated the uuiity of the gnd
represenanon :n a stereo vision dased navigator [1]. Edges cross-
:ng 3 partcular scaniine :n the ™wo stereo :mages ire mawched by
3 3IATLG ZROGTAMMISE Ted, O TACLe 4 Tangs Tmalt. The
wedge shaped space from the camera [0 the range protile is marked
empty, ce.ls along the pronile :tseif we marxed octupled. The re-
suiung map s then used 10 jian obstacle ivoiding raths as with
the stereo and sonar programs menuoned idove Figure 4.

Despute uts effecuveness, :n cach nstance we wopted the md
representason of space reluctandy. This may resdect haoits ‘rom
a recent iime when analyuc approacaes were mare ‘easible and
seemed more ciegant decause COMpuer memones cre *00 smail 1o
easuy handle numencal arrays of 3 ‘ew thousand 0 1 mu’ on ceils.
I funk e reluctance s 10 ‘onger ioproprae. The sguighdfor-
warcness, generaif, ind snformity N che gnd rerresentanon fas
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Figure 2: Reiaxation Path Plammer - A 78(h 13 hoscn Al mwumazes 2 ves
cost {uncoom 1 2 Cortainty Gnd. Small perwrbations are made :n the verucey
of he Dath 1 dwectons hat recce e Cost

oroven itself in inite eiement approaches ‘0 prodblems in physics,
‘n raster based approaches 10 computer graphucs, and has the same
Jromisc 10 robouc spanal representations. At irst glance 3 gnd’s -
nite resolunon seems :nherenty tw limit posigoning accuracy. Tius
impression is faise. Cameras, sonar ransducers, laser scanners and
other long range sensors have intnnsk uncertaunies and resoluoon
‘imits hat can e matched by Zrids no larger han a few hundred
ceils on a side, iving 1 few thousand cells in two dimensions. or 1
few muilion in three cimensions. Since the acuracy of most Tans-
ducers drops Wit range, cven greater economy s possible by using
a herrarcay of scales, covenng the near tield at fugh resolution. and
csessively arger manges atth acreasingdy soarser rds. 3esides
this, the :mplicit accuracy of 2 certainty gnd can be better than the
size of its ceil. The gnd can be thought of as a discree sampiing
of 2 conanuous funcoon. Exinded ‘earures such is lines (pernaps
represenuny walls) may be located o0 high precision Jy examunng
the carameters of surfaces of best it The Denmng robot nav:gaior
menuened 3bove convolves two maps to ind the displacement ang
roraton Setween them. !n the final stages of the maiching correia-
100 values are obuaned for 1 number of positions and angles :n e
viczrury of the Jest march. A quadranc least squares polynomual :s
Sted 0 the correlanoa vajues. and 1ts peak s ‘ocated anaiyucady.
Contoiled :ests of the procedure usually zive dosinoas accurate o
Seuer than one Juarer of 1 cell width.
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Tigure * Somar Mapping aod Navigatioa - P view of e cerlumy gl
Sailt by 1 sonar Juded robot raversing our aboraiory. The scale marks are
2 ‘eel. Zach pouM on e JATK Taectory s 3 sicp hat adowed the onboard
;onar rg 10 collect twenty four aew readings. “he gnd cells ae whiz L e
XTUpncy syobacdity s low, ot f mknown. ind < f ugh. The forward
sahs were planned by ) relaxaton path panner sorking o e gnd 33 L was
cremenlly generated.
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Figure 4 Steree Mapping and Navigation - Pan vicw of the cariaunty gnd
buut by a stereo gusded robot Faversing our Laboratory. The Situation 13 analo-
20us 10 the somar case of Figwre 3, but the range profiles were gathered from a
scanime siere0 method using two TV cameras raher (ham a sonar nng.

Our results 1o date suggest that many mobie robot masks caa
be solved wath this unified, sensor indepeadent. approach 10 space
modelling. The key ingredients are a robot csatered, mult reso-
lution. map of the robot’s surroundings. procecures for efficienty
:nserting data from sonar, stereo vision, proximury and other sensars
into the map. other procedures for updating the map o reflect te
uncermunties ‘ntroduced by imprecise robot modon, and yet ot-
ers 10 extract conclusions from the maps. We've already demoo-
strated srocedures that produce ‘ocal and globai navigaticnal fixes
and obstacle avoiding paths om such maps. Other tasks, suc:
as tracking comdors, finding - ntage points a:th good views X
unscen regions. ind idenufication of larger fearzres such s doors
and desks by general shape secem within neach.

3 The Representation

The sonar mappers mentioned 2bove are nur Tost thorough use
date of :he ceruinty grid :dea. Although our nginal implemes-
afions used *wo gnds 0 represent occupancy wowiedge (labeilex
P socupnes A0 P gy}, Stuart’s 3D system uses oy one. An analyss
o +he steps ‘a our sode reveals thar one mid il inised surfies.
ind tus sIMpLUACINON MAKES ¢ £ar SEVErU PuZnIng SSUCS i X
ariginal {ormuiacon.

Before iy measurements are mace. e &d is imoalized
1 background occupancy ceruunty value, Cb. This aumber rep-
sesents :he iverage OCCUPANCY SCTLUNLY A€ $XDECT N 3 MAnRTT
Tap, and encodes a (very) lidile Sit of a-pron Ziymaton we 1ave
about he world. In our lab 2 good C) see=s e about x
aumber of :cils in the penmeter of the nd Zvided Dy the or
seils i34 < 32.(32 x 32) = 1/'8) in the sase of =e Dennuing coce.
'f the space s very cluntered, b shouwid e rger. As the ma
is used, vaiues near Cb will stand for ~zgions shose occupancy
state s essexnaily inknown, anle thCse MULST JCAEr ZETO WD



represent empty places. and those much nearer unity are likely to
be occupied. Most of the planning algorithms that use the grid
will be betwer off if they do not make sharp distinctions, but in-
siead numerically combine the certainty values from various cells
10 produce “goodness of fit” numbers for their various hypotheses.
In this way the essential uncertainties in the measurements are not
masked, and the 2lgorithms do not jump o unnecessary, possibly
false, conclusions.

4 Inserting Measurements

The readings of almost any kind of sensor can be incorporated
nto a certainty grid, if they can be expressed in geometric terms.
The information from a reading can be as minimal as a proximity
detector’s report that there is probably something in a certain region
of space, or as detailed as a stereo depth profiler’s precise numbers
on the countours of a surface.

The first step, in general, is to express the sensor’s measurement
s 3 numerical spanal certainty distribution commensurate with the
nd’s geometry. For an infrared proximity detector this may take
the form ¢ set of numbers P, in an eiliptical envelope with high
sertainty values in a central axis {meaning detection is likely there)
apering 10 zero at the edges of the illuminaton envelope. Let's
suppose the sensor returns a binary indication that there is or is
a0t something in its field of view. If the sensor reports a hit, ceils
in the ceruainty grid C, falling under the sensor’s envelope can be
updated ath the formula

Co=Ce+P, ~Cix P,

which will increase the C values. [n this case the P values should
e scaled so their sum is one, since the measurement describes a
situanon where there is something somewhere in the deld of view,
Jrobably not everywhere. If the reijability of the sensor is less than
2eriect. the normalizaton may b¢ 0 a sum .ess than cnity. If, on
he other hand. the dewector registers =o hit. the formula might be

Cx:=C: '<:1’P:)

ind he Cs wiil be reduced. In tis case the measurement states
{at there (s nothing anvwhere in e eld of view, and the P vaiues
should retlect only the chance that :n object has been overlooked at
2ach parucuiar position; ie. they :nouid not be nommnaiized. f the
sensor returns a contnuous value rather than a binary one. perhaps
2xpressing some kind of rough range ssamate, 1 mixed strategy
simiiar o the one described below Jor sonar 5 called for.

A Polaroid sonar measurement is a cumber ziving the range of
e nearest object within an approximateiv chirty Zegree cone in
‘ront of the sonar Tansducer. Because of the wide ingle, the J0-
L€CL DOSI10ON IS KNOWN Oniy 10 3¢ Omewners on 4 ermn surtace.
This mange surface can be handled in “he same manner 1s the sen-
siovity distbution of 3 proximuty Zetecior “hit” above. The sonar
Tneasurement has something ¢lse =0 sav, Jowever. The volume of
e J0ne (D0 The TAnze TTilding 3 TTUTany smioivoosie oomaler
mange aould have deen returned The :moty voiume s ke :he
“no hit” groxmity ZJetector case, ind t2n o¢ tandled :n the same
"1.s'nion. 30 2 sonar reading s like 1 proxemity Setecior hit at some
“ocarens, ind increases the occupancy rrobadiiity there. and ke
1 muss at others, wnere it Zecreases the srovaciiity. f ae have 2
‘arze tumpbder of sonar readings taxen Srom diffzrent vaniage sCinis
say 1s the Jobot moves), e gracual ccumuiauon Of cuch cer-
rty tumbers il Sutld a respectanie map. ‘Ae can, in fact Zoa
tde ceter than that Imagine two <onar wadings ahese veivmes
-alersect. And suppose the “ampny T wnon O e econd overaps
cart of he mange surixte of “he st Now the mange surtice avs

“somewhere along here there is an object”™, while the empty vol-
ume says “there is no object here”. The second reading can be
used to reduce the uncertainty in the position of the object located
by the first reading by decreasing the probability in the area of the
overiap, and correspondingly increasing it in the rest of the range
surface. This .can be accomplished by reducing the range surface
cerainties R, with the formula R, := R, x (1 - E,) where £, s
the “empty” cerainty at each point from the second reading, then
normalizing the Rs. This method is used to good effect in the ex-
isting sonar navigation programs. with the ciaboration that the s
of many readings are first accumulated, and then used to condense
the Rs of the same readings. (It is this two stage process that led
us 10 use two grids in our original programs. In fact, the grid in
which the Es are accumulated need merely be emporary working
space.)

The stereo method of Serey and Marthies provides a depth pro-
file of visible surfaces. Although. like a sonar reading, it describes
a volume of emptiness bounded by a surface whose distance has
been measured. it differs by providing a high certainty that there
is marter at each point along the range surface. The processing of
the “empty” volume is the same, but the cerainty reduction and
normalization steps we apply 10 sonar range surfaces are thus not
appropriate. The gnid cells along a very dght distibution around
the range surface should simpiv e increased in value according
w0 the “hit” formuia. The magniude and spread of the distmibu-
don should vary according 0 the confidence of the sterso martch
at each point. The method used by Serey and Manhies matches
edge crossing alony, .orresponding scaniines of two images. and is
likely t0 be accurate at those points. Elsewhere 1 interpolates, anc
the expected accuracy declines.

If the robot has proximity or contact sensors. its own moton
can contribute to0 a certainty grid. Areas maversed by the robot are
almost cerainly empty, and their cells can be reduced by the “no
hit” Jormula, appiied over 1 consident sharp ecdged dismibudon iz
the shape of the robot. This approach becomes more interesting f
:he robot’s moton has inherent incertainties and inaccuracies. £
-he certainty grid is maintained <o it is accurate with tespect 0 the
robot's present position (5o cailed robot co-ordinates), then the past
dosidons of the robot will Se uncermin in this co-orcinate svstem.
This can Se expressed by slurring the certurty zrid accumulated
‘rom previous readings in a certain way after eaca move. :0 reflec:
he uncertanry :n that move. New readings are inserted without
>lur -essenaally the robot is saving "I know zxacily where | am
zow: I'm ‘ust not sure ahere [ was before). The wack in the
certanty 2rd of 3 moving fobot's Jath in this svsiem aill resemble
the vapor Tail of 3 high dving ;et - 3ght and dense in the vicinity of
:he robot. diffusing eventuaily 0 nothing with =me ind distance.

5 Extracting Deductions

The surpose of mamtaining a cerImnty grid in e roeot s 0 plan
A TOmIISr wnons. Thcmme 1m0 TIRes fhowslome wav 0 Tian
costacie avouding paths. Concermuaily the gnd can be considerec
in ymy of topographic wiues - ligh occupincy ssrainties ars
21ils anile low certainties e valevs. A safe tat foulows vaileys.
Zke ~znning -water. A relaxauen igorthm can ferturd portions of
1 Tai fath t0 tnng each ~at o 1 local mimimum. n pninc.pie
1 dscisicn need never e made s t0 which loczzens are actuallv
smrty and s hich ire occugied. tcugh perhaps e trezam shouid
stop if the Jest nath ciimes “eyend some chrestoid “idrude”.
e Toeot’s sensors conanue 0 tnerae and upcre the mid is &
7ath s executed, impasses il decome odvicus is Troximity anc
ITRICT ensors tuse he xlupancy ceranty o ‘oczuons ahers

eV TIAKS ICRCT SR QiE macer



As indicated in the inroduction, we have already demonstrated
effective navigation by coavolving certainty grids of given loca-
dons built at different tmes, allowing the robot to determine its
location with respect o previously constructed maps. This tech-
nique can be extended to subparts of maps, and may be suitable
for recogniring particular landmarks and objects. For instance,
we are pre_ently developing 2 wall wacker that fits a least squares
line to points that are weighted by the product of the occupancy
certainty value and a gaussian of the distance of the grid points
from an a-priori guess of the wall location. The parameters of the
least squares line are the found wall locanion, and serve. after be-
ing transformed for robot modon, as the initial guess for the next
iteration of the process.

For tasks that would benefit from an opportunistic exploration
of unknown terrain, the certainty grid can be examined w find
interesting places to go next. Unknown regions are those whose
certainty values are near the background cerainty Cb. By applying
an operator that computes a functon such as

Soc. - cvy?

over a weighted window of suitable size, 2 program can find re-
gions whose contents are relatively unknown, and head for them.
Other operators similar in spirit can measure other properues of
:he space and the robot's state of knowledge about it. Hard edged
characterizatons of the swif in the space can be left 0 the ast
possible moment by this approach, or avoided altogether.

6 A Plan: Awareness for a Robot

LUranus is the CMU Mobile Robot Lab’s atest ana best robot 2nd
the third and last one we intend 0 construct for the forseeadle
‘uture. About 50 cm square. -with an ormmdirectional drive sys-
#m intended primarily for indoor work, Umanus camies ™wo racks
anred for :he indusay standard VME comouter bus. and can be
upgraded with off the sheif srocessors, memory and input Suut
Soards. In the last few vears the speed and memory avatiadie on
single dcards has begun o mawch that available in our manframe
computess. This removes the main Irguments ‘or dperanng e

Tigure & The Uranus MVobde Robot - A dourwing Saby, "l o jremuse.

machine primarily by remoee control. With most computing done
on board by dedicated processors, enabling very high bandwidth
and relaible connection of processors to sensoss and effectors. real
time control is much easicr. Also favoring this change in approach
is a realizarion by us, growing from our experience with robot con-
trol programs from the very complex 1o the relatively simple, that
the most complicated programs are probably not the most effective
way to learn about programming robots. Very complex programs
are slow, limiting the numebr of experiments possible in any given
time, and they involve o0 many simultaneous variables. whose
effects can be hard o separate. A manageable iniermediate com-
plexity seems likely to get us w our long term goals fastest. The
most exciting element in our current plans is a realization that cer-
tainty grids are a powerful and efficient unifying solution for sensor
fusion, motion planning, landmark identification, ind many other
central problems.

As the core of the robot and the research we will srepare a
kind of operating system based on the “certainty grid” idea. Soft-
ware running continuously on processors onboard Uranus will
maintain 2 probabilistc, gcomemic map of the robot’s sur-
roundings as it moves. The certainty grid representation will zilow
this map to be incrementally updated in a uniform v.ay Tom var-
:ous sources inciuding sonar, stereo vision, proximity and contact
sensors. The approach can correctv model the fuzziness of 2ach
reading, while at the same Zme combining multiple measurements
0 produce sharper map fearures, and it can deal correciy with un-
certaindes 1n the robot’s mocon. The map will be used by planning
programs to choose clear paths, identify locadons by comrelating
maps), ‘dentfy well inown and insufficiently sensed ‘ermain, and
perhaps idennfy objects by shape. To obtain both adeguare res-
olution of nearby ireas and sufficient coverage ‘or longer ~ange
planning, without excessive cost, 2 hierarchy of maps wiil be kept,
‘he smailest covening 1 = meter area at 5.25 ¢m tesoiutcn. the
largest (6 meters 1t S0 om resoiution (Figure 5). This map aiil
be “scroiled” 10 kegd the rooct ceniered is it moves, dut toranons
of the robot wiil be handled by changing slements f 1 mamx the
represents the mobot’s crienmation in the nd. The map ‘orms a
king of consciousness of the world surrounding the robot - ~ason-
ing about the worid would zctuaily se dore by computations :n the
map. It might be interestng 'O 'Ake One MOre s n Re aierar-
chy, :0 a1 one meter zrnd that simply covers the rodbot’s own 2xient.
It would Se narural ‘o keep this Inal zrid criented aith espect
‘0 robot chassis itself, mather than approximately 0 e ompass is
th the other zrids. This change of co-ordinate sysem »ould or
vide 2 natural distnczon berween “world” iwareness ind “body”
or “seif™ awareness. Such sacoding of a sense of seif mugnt aven
D¢ usefyl if the robot vere covered with many sensers, or xermaps
wvere equipped vith manipuiators. Ve have no immediae ians in
-hat Zirecton. and so a1l sass by this ineresting dea ‘or sow.

Cur initial version aiil rontain 1 pair of wo imeasonai md
sets, ORe Mapping n¢ freseace of JDJECTs i Lie TOOCLS Sperating
~OMPIEX (CeA Of SIESEnCe OI 2ASSA0.¢ SOCT if ¥anCcus .02Z0ns. [ ne
abject map Wil de upcated rom il sensors, the Zoor man crimar-
dy from downward lockcng croximity Jeteciors. ouga possitiy
iso ‘rom ‘ong mange laa ffom vision and sonar. The robet il
navigale Sy Jead teosoninz, inlegraang e MO O LS steis.
This method accumuiates eror mapialv, ind s nomanny Al e
rerfeced :n e maps tv a1 fepeated blumng operanor. D3 =ac-
INgS. A00se .0CAnOn Tiltve 0 e rCDCls cresent tosizen ind
JAENAnON ire <NOwn M) lecreasing crecision. aul tave err
affect sragualy Ziffused oy this peracon. :nui Jev avenmally
IVAPOr2ie 10 N¢ DACKITOUNS CerLnlY valte.
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