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~} lurtuol Ie(rl//g  t-alibmfzon  tcchnzgue  o f  n)aichzug a
l,?r-[urr/  c?]z,l?olt?rlc?ti  of szltlu[rricd g7’r2ph2CS  7110dC1.$  211 ;]-
1) q<on){  try a n d  pPrspcri211c  ulzih /lrturrl c a m e r a  UICWS
o f ’  ihc r[mofc szic trr.~k cn[’2rwnlnrnt  h a s  hccn  dclrlopcd
(O ~nrrhlt  hzgh-jidciify  ~)rf~zcll/prcdzctz/!c  dispia,ys  wtih
c a l i b r a t e d  graphzcs ot)crlrzy  on  live 712rico. Rcliahic a n d
accurwtc  caiibratzon  ZS ach2curd  b y  o~]craio7-llltcraci2tc
c[21rt1m  rrrllbririion  a n d  o b j e c t  locaii; atzon.  Doih 7wly
ou no)tllnca7  l e a s t - s q u a r e s  aigomthms  co7rlbin?d  rrnth
lincrrr OIICS. Sinct the o b j e c t  p o s e  bccorncs known
t h r o u g h  o b j e c t  l o c a l i z a t i o n , th< corr~l)l[tfr-gertc~atpd
tra]cctory  niodc  can be e~~eci?vely  used 111 our ncu ap-
p r o a c h ,  T’hzs nfwly devt-ioped  cal ibrat ion tech12zque  h a s
b e e n  svrccssfullg ui~li:ed lIL a  recent  .JI)I,/CSJ’C (Jet

I’ropulston l,rrbo7aior-y  G o d d a r d  S p a c e  fi’light  Cc71tc79
[tcicrohotzc  scrwtcing  { cnlo12straiio7).  T h e  posiiionzng

aiignrncnt accurary a c h i e v e d  b y  t h i s  technzque  f r o m
four crrrnfra views  ulas  0.51 cm 07) t h e  averagr  fol a
t o o l  L71sc~lzon 171 the serwczng  t a s k .

I i n t r o d u c t i o n
Graphics simulation has bee~( widely used in teler-

obo(ic servicing during the off-line task analysis and
planning and also during the introductory oI)crator
training [6], [7]. IIowever, the use of graphics sirrl-
u]ation  during the on-line telerobotic  operation, for
example, as a tool for on-line preview visualization,
l)as been limited due to the lack of accurate n)atching
between simulated environment and the actual remote
site task environment. We have recently developed a
virtual reality calibration technique that enables re-
liable, accurate matchin of a graphically simulated

%virtual environment to t e actual task environment
through c,perator-interactive  camera calibration and
object localization. Althou  h there exist many cam-
era call brat,ron  [2], [5], [1 6], f17] and object localization
[~,  [4], [51, [13]1 ~4] methods, none of them sy:cifical]y
a dress t Ie ca i rated graphics  overlay on lve video
for use in preview/predictive displays. In this paper,
wc first ~resent key new features of our camera call bra-

cltion an object focalization procedures. Then, we re-
port experimental results of calibration errors of these
procedures. Thereafter, wc briefly describe a success-
ful usc of the virtual reality calibration technique in
the OR(J (Orbi ta l  Replacement  Uni t )  than  eout  re-
rllote servicing demonstration task perforrne $ in May
1993, hetwcen .11’1,  a n d  NAS,l GSFU.

2  Camera Calil)ration f o r  G r a p h i c s
over lay

O u r  cam(ra calihri~lioll  rllrthod whic]l  is dmigl]ed
f o r  ralil~ratrd yra~~hics crvrrla: lIas  tllrrc !if’y Ilc!v f’ca-

tllrc+:  1  )  ,\ rol)ot  arIr) its(’11 i s  usfd ah tllc calit~r:L-
(iorl f i x t u r e ,  2) At) o[)eralor-ill(cr:lc!iv(’ (Iata (’tltry  is
ado J~led 1 0  ohtaln rel]ahlc corres[]otltlt-f)cc  data, 3)
f\ llonlii~ear  l e a s t - s q u a r e s  al~orithm collll,iumi  witl~ a
lillmr  Ictis(-sqllarcs  algorithm is ~’lIIployc(l to obtain
accurate  catllera  pa. ramrtcrs.

In genera], carllci-a calibratiorl  requires a calibration
fixlurc to dcterrnitle the  catnfra cf[kctive  focal lcIIgtlj
atld tile catnera posirion and orientation relative to the
calil)ratioll fixture. in preview/predictive display ap-
[,licatior)s}  or[e must also dctcrrninc tile robot  arrl]  [Jo-
sitiol) and  orientation relative to the calibration fix~ure
iIl orrlcr to supmirnpose  tile robot arm graphics modcl
011 llIc  ac(llal video image of t}le arm. }Iowcvcr,  a prr-
cisc measurclllcllt of ttle rol)ot arlll local  ion  re la t ive
to tlIe  calibration fixture is difiicult  aIld  error- pro[ir.
l’lacing a calibration frxture in the actual remote work
sitr is also often not  easy.  l’bus, in our l~cw ap~~roacb
of canlera calibratiort, the robot arm itsc]f is UMXI as
tjlo  calibration fixture. eliminatimq  cumhcrsomc pro-
cedures of usirlg  arl external calibration fixture.

,111 ol)crator-interactive  rnetllodoiogy  is adopted to
])rovide  t,ht, corres~,ondence irlforrnation  l)etw’cetl ;3-1)
object  model points of tl}c robot arrrl  and 2-1) came-
ra ilrlage points, since it is still difficult for a com-

!“
)uter vision system to find corres ondence  points rc-

Ylat.)ly, lrig.  1 shows the graphica  operator  in ter face
L2sed  during the operator-interactive carllcra  calibra-
tion]. ‘l’he solid-shaded 3-L) graphics is displayed ori
the  upper left window, and the live (or stored) video
picture received from the renlote site appears on the
lower left window. As the operator clicks 3-I) object
model points or 2-D irna e points, their coordinate

fvalues appear on the scro led list widget of the up-
per right camera, calibration GUI. When ali desired
ol)ject points and their corresponding image points at
different arm poses are entered, the operator can re-
quest the systc~l~ to compute the camera calibration
pariir[rrtcrs.

‘1’here  is a standard linear least-squares method
that dcterrninc  the camera pararlleters  (camera  I,. .i -
tiol~, orientation, and effcclivc focal Iengt,l])  for giv(;n
$ or more 3-1) object points and their corresponding
Irn:ip)es in ~-D scrccn coo rd ina t e s  ~1],  [1 6], by ,awur21irlg

that tlIII ill]a~e f’orrllat,  iori of L}le c a m e r a  Ca[l be rnod-
elml },v ;1 [){~rsl)fctive [projection of the 3-1) world  onto


