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Introduction 

The CMI! Mobilc  liobot I.ab is conlmitcd to h c  long-term 
dcvcloplt1cnt of robots capablc c f  intelligent  intcraction with a  dynamic 
cnvironmcltt.  Such  robots w i l l  bc  ablr L o  rwognix ohjccts  arourtd  them, 
movc to and  maniputc thcsc objccts. and rcspond  to  notions in thcir 
ficld o f  view. Scnsing for such  robots will bc providcd by combinations 
of camcros, sonar and l iwr mngc  tindcrs. tilctilc sensors. and  othcr 
tcchnologics. 

As a lint stcp in this direction. wc arc cxpcrimcnting with navigation 
in a static cnviionmcnt. 'I'hc task wc addrcss is to mancuvcr a vchicle to 
a prc-dcfincd location in an ohstaclc-filled rooin. 'L'hc navigation systcm 
must hc ahlc  to  dctcct obstaclcs. plan a path to thc  dcstination.  and  track 
t l~c  position of thc vchiclc as it follows thc p;lth. 'fo datc  our  cfforts  have 
hccn largcly limited to thc usc of vidco c m c r a s  as input. 

Prohlcms rclatcd to thc  onc  just  dcxribcd  havc rcccivcd cxtcnsivc 
attcntion in thc  computcr vision litcraturc  and clscwhcrc. In the 
Iitcraturc. obstxlc ranging is normally donc by triangulating from 
corrcspondcnccs bctwccn a pair of Stcrco imagcs (othcr possibilitics 
includc Ihc USC of camcras  and  structured  light  projcctors in known 
configurations [I]. 'Ihcsc  corrcspondcnccs  haw  hccn  obtaincd by 
matching suvcral kinds  of  primitivc clcmcnts. Small patchcs of tcxture 
haw bccn matched by Moravcc [!I)]. Edgcs have  bccn  matchcd by 
Bakcr [21. Horn and  Schunck 171, Nagcl [ll], and many othcrs have 
taken UIC approach  of optical flow, which attcmpts to asscss diffcrcntid 
motions at cvcry  point in  thc ilnagc tu obtain  corrcspondcncc. 
Aigorithms for obtaining scnsor motion  from  matchcs of discrctc 
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'll1c main dls;ld\ant;tgc to using a largc number  of images is c;hviously 
the cost i n w l w i .  iloth i l l  timc and storagc. Ilnagc processing functions, 
ctrrrclxion i n  particular.  constitlltcd a I ~ g c  portion o f  the time i n  Cart 
n m s  and siill consume a largc imount o f  tirnc i n  o u r  prcscnt systcnl. We 
need ;~ t  Icxt  t v d o  imngcs t o  dl) srcrco .Ind thl-cc t o  110 blundx tlctcction, 
but a!icr th:rt thc rcturns J I C  diminishing cvcn for avc!;~ging,  sincc 
stmdard  dcviation  shrinks only by thc square root of  thc  nuntbcr of 
samplcs. 

llicsc arguments convinced us to mow to t w o  irrugcs in our prcscnt 
system. We ha\c  n u t  donc a quantitativc  assessment  of tllc cffcct ofthis 
movc. Quulitativcly, the  speedup was VCIQ substantial  and, with thc 
addition  of Ihc constraints t o  hc discussed hclow, mtching of "good" 
feciturcs :q)pcars to hc as succcssful as i t  was hcforc.  Howcvcr,  "bad" 
fcaturcs -- occlusions. highlights, and  occluding  cdgcs -- arc not dcalt 
wit11 so cffcctivcly. 

A s m m d  difficulty in using just two images is the cffccr ofbasclinc. A 
largc disi;tncc hctwccn c'tmcras incrcascs thc accuracy of ranging, but 
makcs the nt,whing  problem both morc cxpcnsi\c  and potcnti;illy more 
crror  pronc duc to thc  largcr  changc in thc irnagc. A murc  subtle 
problem is that widc-h:rscli;lc cameras OII a  fired  mount  makc i t  hard for 
tllc vchiclc to scc in front of its nose. 'l'his is Inlportant i f  you wish to use 
dic samc  ciuncras  to  scc w r y  closc ohjccts  and  at the snmc  timc 
accmtcly mngc more bistmt ohjccts. Using a Iilrgcr number  of  imagcs 
can supply a long hnsclinc while at  thc  samc timc Ictting carncra-to- 
cxncrd sp;1cing hc rclativcly small. 

Wc can sqgcst  two attractive variations on the  camcra  thcmc,  ncithcr 
of which H C  Ii:w tricd. OIIC is t o  c;lpitalizc on rcdundancy in the rbne 
axis instcad of  thc  stcrco axis. After solving fo r  motion. rhcrc arc four 
intagcs for which the  gcomctry is known,  and  this  could p c r l ~ p s  bc uscd 
t o  adbantagc.  This stratcg)' has limitations  sincc  the  motion  solution 
itsclf is inaccurate. 

l'hc sccor~d possibility is 10 rctrcat  and usc thrcc imagcs. A 
configuration i n  which two cmncms  arc rclntivcly close tugcthcr and the 
third is rclativcly distant is interestin:. l'hc closc carncras  can hc uscd :o 
obtain  an il1exr)cnsivc match. which in turn strongly  constrains  thc  arca 

o f  matc!: i:l thc rcni.linino, camcr.1, 'I'hc ;dva!lugcs  of short basclincs. 
l o l g  h;lsclincs. anti 1 1 x  :)hilit). tu do 1rlul:dcr dctccti,.m arc all prcscnt. 

1'0 sum lap this !;crtion. we h;l\c t)ccn succcssful ill thc use of two-way 
StCrCo i l l  tlx scnw that I'c;trurcs t11,1i O I I C  fcds " \ l ~ ~ u l d "  hc In,ltchcd 
corrcctlg 1w1~1ly :we. 1 l o w ~ * v c ~ .  v,c s:~spcct 1 1 1 ; x  cllough crror remains in 
It!c IXIY~~II; proccs< t o  \wrt;lnt .It l , , ~ t  ~ l t c  invcstig.l;ion ofgrcntcr use 01' 
ti:nc I . ~ ~ ! I I I ~ ~ I I I C ~  i n  ourd1~oridl1ns. 

Constraints on Correspondence 

With &IC corrcspondcncc  algoritlm. wc  wish t o  minimi/.c chc 
likc!ilwod o f  ucccpting a falsc target ;IS tllc corrcct nictk!l for ;I fwturc. 
'l'his  has two aspccts. Whcrc a correct match is Iwsihlc. that is lhc  onc 
thc  algorithm  should  rcturn: wlicrc occlusion or somc  other 
plicnon1cnon nlakcs  this impossihlc. tllc algorithm  should  inform us that 
no match was found. 

Thcrc  arc  at  lcast  thrcc  stratcgics  to  improvc  thc  pcrformancc  of our 
algorithm: 

constrain  thc scarch to  a  smaller arca, 

o pick hcttcr  fcaturcs to match, 

nttcmpt to match largcr semantic un i t s ,  such  as cdgcs, 
hounded 1-cgions. or ohjccts. 

S o  far wc have pursucd only thc First two courses. 
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Our system matchcs on both thc stcrco axis. to find thc distcuncc to 
fcaturcs, and i?n thc tirnc axis.  tu "rcacquirc" Fc;lturcs ill a ncw sct of 
imagcs. 'lhus, thcrc arc thrcc  constraints  that can bc i~pplicd: 

'I'hc cpipolar  constraint,  for usc on thc stcrco axis. This 
forccs the match to lic wi th in  a thin  band  abovc and bclow a 
particular  scanlinc in k c  imagc. Wc havc  crudcly  estimated 
f ive to tcn pcrccnt  of thc image hcight to bc Nidc cnough to 
encompass thc calibration  crrors of our camcras. 

o h'car  and  far  distancc limits, LIISO For usc on  thc stcrco axis. 
'Illis rcstricts the match to somc Ilorizontal sul)-intcrval of thc 
itnagc. For  exanlplc. a far limit o f  infinity simply  stltcs  that a 
fcaturc from. say. column 290 i n  thc right imitgc must  appear 
nt column  200 or g r c m r  ill thc lcft ilnagc. I!IC ncar limit 
go:wnb how nwAi  grcatcr tha11 200 thc match C.III bc. With 
12.5 nlillinwtcr focal Icngth caIncr<as and ;I 25 ccntimcter 
hasclinc, using a near linlit o f  1.5 mctcrs and a Ctr limit of 
infinity rcduccs the rcgion scarchcd to ahout  onc  quartcr  of 
thc irnngc width. 

e Ihc motion  cstimatc from thc path planncr, with margins of 
error,  for IISC OI! thc  timc axis. This  dcfincs a box i n  thc new 
sct of im;jgcs In vhicll n fcattxc  should  appcar  aRcr the 
vclliclc n ~ o v s .  Sincc we arc currcntl) rc'stricting motion to 
thc pl;mc. this a l w  inlrocluccs fiir!} tlgllt conwaint. A uscftll 
sidc crcct is  th.lt this coI1straint infornls  thc systcm d l c n  a 
fcaturc has drilicd o u t  of tile imagc. 

'l'l~cse c'onstr;lints dcfinc  windows thllt restrict the range of the co;trsc-to- 
finc corrclator. 'Ihc bcs! corrclntic:n from thc window is takcn as thc 
candiJatc i11atch: tllc no-match  situation is assumed if tlw corrclation 
cocfficicnt is hclow a (LIiriy arhitrnryj  thrcshold. 

It is difficult to quantify  Ihc  power  of tllcsc constrclints, sincc 
"n~;llchability"  of  fcaturcs varies 1:igllly from sccnc to sccnc'. I lowcvcr, 
o u r  cxpcricncc is that they make a dr;lni;ltic ilnprovcmcnt ill  :Ilc numbcr 
of tcaturcs  co~.rcctly matcllcd. 'I'hcy also have ;I uschl sidc  clfcct in t!!c 
context  of  thc  coarsc-to-finc  corrclator. 'l'l1is algorithm scachcs in a 
pyramid  of  rcduccd rcsolution imagcs, bcginning with tlic SxS lcscl  and 
working up to the f u l l  512x512 imagc. At cadi rcsolution it extracts a 4x4 
window around  the fcnturc in h c  source imagc and  corrclatcs it with an 
8x8 window in thc targct imagc. I l i c  locatiou of best match dcfincs thc 
ccntcr  of tllc scarch window at thc next Icvcl. A t  l o w  lcvcls of  rcsolution, 
it is difficult to kccp  rcaturcs  near  thc  cdgc o f  thc  imlgc from bcing 
pushcd  into an incorrcct  match closcr to thc ccntcr.  Intcrsccting thc 8x8 
windou with thc constraints virtually climinatcs this prohlcm. 

I'aradoxically. thcrc arc cascs in which the constraints  introduce 
problcms. This  happcns  whcn  no  correct mntch cxists for a fcarurc,  but 
thc  best  corrclarion within thc window passcs thc match  thrcshold. 
Without  constrainr,  such  fcaturcs  may match far cnough out i l l  limbo to 
hc  caught as :I blunder: with constraint. thcy arc a "near miss" that  can 
bc hard to dctcct. 

l'hc sccond  strategy wc mcntioncd  abovc was to pick hcttcr points. 
Picking fcaturcs is the function of thc  "intcrcst opcntor" module. 
Thorpc has studicd a collcction of intcrcst opcraton i n  this contcxt [13]. 
Hc found that whilc somc  opcrators  did  outpcrfmn  others, thcrc was 
morc variability bctwccn  using and not using constraints  than tllcrc was 
bctwccn  intcrcst  opcrators. Wc havc stuck kith chc btoravcc  opcrator, 
which is chcap  and  pcrforms fzirly well. 

Wc h a w  not tricd  to match with largcr primitivcb. although wc plan  to 
do so in  thc Rlturc. 

Motion Solving 
-. l h c  navigation systcm currently solws f11i only the thrcc  dcgrccs of 

t'rccdom i n  thc planc. Eva1 with this rcstriction. t h o  systcm somctinlcs 
exhibits  crratic bchavicxlr. I<cccnt tcst runs led thc vchiclc to dodgc onc 
obstaclc i n  a  coursc that covcrcd  about six n1c:crs. 'Ihc travcl of UIC 
vchiclc varicd Tion1 20 to 50 ccntimctcrs per srcp. 'l'ypically, thc systcm's 
positim nwrlcl .I! thc cnd o f  t l ~ c  run was off by !css than half a mctcr; 
howcvcr, stcp-to-stcp C I T O I ~  i n  Lilt positicm model ct~ulrl  also bc !his 
largc. Occasionally. drastic  crrors  put Ihc position model off by closc to a 
mctcr. a situation from which it usually did not rccovcr. Wildly 
inaccurate  uhst:alc  distances s ~ ~ n c t i n ~ c s  c!ccurrcd as a rcsult of  matching 
cIro~s.  but thc'sc ~ c r c  normlly caught by rhc tllrcc-diIrlcnsion;ll pruning 
heuristic. 

'lhcrc  arc scvcral cxlhxltion:, fix Ihc crratic  hclla\iour. ' l l c  simplcst 
is 111;lt t11crc  is an inlicrcnt instclbility bctwccn  trmslation to t l~e sidc and 
w t d i o n  nl)r~ut thc vcrtical axis. I)iffc;cnti,ll rnotion or the vchiclc in 
tllcsc dircctions C;ILIWS \cry  similar rclativc nwvc'nlcnt  of  thc fcaturcs. 
I'llis prohlcm is most acutc w l ~ c n  fcaturcs arc not well distrihutcd in 
SIXICC. 13ccaurc the tlominant  fcaturcs i n  o u r  lab ilrc [lie brightly cc~lorcd 
hookshclvcs  along ~ h c  walls. this tends t o  happcn in our runs. Our 
rccoursc so far Ilas bccn t o  push tllc intcrcst  opcrator to pick an even 
distribution  of  points i n  tlic image. I3ccausc it is impossiblc to always 
guarantcc  good  spatial  distribution, practical solutions may rcquirc  other 
scnsors  to  distinguish thcsc dcgrccs  of  freedom. 

' Ihc sccond  cause of inaccuracy may be scnsitivity of thc lcast squarcs 
motion  solution to poorly mngcd fkaturcs. Wc may need  bcttcr  data 
cditing  tcchniqucs.  pcrhaps  similar to thosc cmploycd by Gcnncry [6]. 
I-IC itcrativcly cxamincd thc rcsiduals in thc motion  solution  and 
diwardcd  fcaturcs unt i l  thc rcsiduals wcrc satisfactory. 

Anothcr  candidatc is thc largc  stcp si7.c of thc vchiclc. As mcntioncd, 
wc havc bccn using  stcps  of up 50 ccntimctcrs  bctwccn imagcs. In our 
slnail workspacc this can  translate  into largc chnngcs in the image, 
particularly i n  d ~ c  prcscnce o f  big foreground objms. Onc would cxpcct 
smallcr 5tcps tu lead to nwrc snbility. I t s  pl;lusiblc tllat this would bc 
subject to UIC same "near miss" problcln  that wc cxpc;icnccd with thc 
m;whing  constraints. Wc havc  not  cxpcrirncntctl with smallcr  stcps 
bccausc  of the slow runtimc  of rhc program. 

Drastic crrors in thc position model occasionally happcncd wlicn the 
systcln lookcd in  rhc wrong placc to rcacquirc  fcaturcs. 'Iliis can be 
causcd by an in;!ccuratc motion  prediction  or an ovcrly  stringent 
tolcrancc in thc motion  matching  constraint.  Curing tllis by slackening 
thc constraint is undcsircablc; what is nccdcd is an algorithm that copcs 
gracefully with thc situation. 

SI) far  thc  algorithnlic  changcs wc havc  discusscd  that fall within thc 
basic corrcspondcncc-followcd-by-motion-solution frmcwork of thc 
original systcm. Wc ha\c sonic misgivings about  this  paradigm. Thc 
rcxon  for working in a static cnvironmcnt is so that  fcaturc  motion  can 
bc dcxribcd by a singlc rigid transformation. I3y mo:ching fcaturcs  one 
at  a tirnc. ihis paradigm lcts inconsistent  matchcs  crccp in from Ihc very 
start. Morcovcr. it  optimizcs  diffcrcnccs  bctwccn  infcrrcd thrcc 
dimcnsic~nal  positions. which sccms  likc  an  crror-pronc,  sccondary 
mcasure. 

Intuitivcly. wc would prcfcr a rcgistration  tcchniquc that rigidly maps 
all fcaturcs  onto  the  imagc  at  oncc and optimizcs  some mcasurc of 
similarity hascd on thc itmgc. I.ucas has dcscrilxd  such an algorithm [9]. 

His  objcctivc  fimction is UIC sum ovcr all fcawrcs  nf thc squared 
diffcrcncc i n  intcnsity  bctwccn a fcattm and its hyp~~thcslzctl match. An 
initial r n o t i w  cstimatc is used to project : i l l  fcclturc's unto lllc inlsgc,  thcn 
Gauss-Newton iicration is t m d  to nlinimi/e thc intcnsity  diffcrcnccs 
ovcr the nwtion par;uxrcn. .ilw :olcruhlc c-rror in  thc initial cstilnatc is 
incrcnscd by applying  die  algorithm lirst tu a blurrcd vcrsion o f  Ulc 
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