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Abstract

A virtual reality (VI-L) cal ibrat ion tec)lnique clf malchin~; a virtual ell\ironlncllL of s imulated 3-D

graphic Illo(]e]s  ~rit]l ~ctua] calllera yie~rs  of the ~eJnote  site [:Mk cIIviroliI[lcllt  has  bCCII  dc\~cIopcd.

!l’his Vl{ calibration enab]es  high-fidelity ~Jrcvie\v/predicti\c displays with calibrated graphics overlay

O n  live video.  lteliable and accurate cal ibrat ion is  achieved by (}lJeratol-illtcl:ictive ca,rnera  calibraticjn

and ot)jcct local  ixatioll procedures based on new linear/nonliIlear least-squares algorithms that can

ha.ncflc multiple-camera views. Since  the object pose becomes known throu’gh  the VR calibration, the

operator can now effectively usc the senli-autornatic  compute r-gr~lerated  trajectory mode in addition to

the manual teleopcration mode. ‘J’redeveloped v~ calibration  t{chnique  alld the resultant high fidelity

~}lcvic\v/~Jreclictivc  displays \vcre  successful ly ut i l ized ill a reccllt Jl)l. /N.,\ S:\- C; Sl’C  (Jet ]’ropukion

L a b o r a t o r y /  Goddard  Space l’light Center) t,elerobotic servicing del~lc)rlstr:ltior-1. ])review/precli ctive

clispla.ys  were very useful  for both non-contact and contact tasls, pro~’iding  a[l effective V]t interface

\vitll  imnlediatc  visual predict ioll/verificatiol~ to  the operator . ~’he positioJlillg alignment  accuracy

achieved using four camera views in inserting atoo] into the ()]{1’ hole \vas O.~)1 croon the averagc~vith

a 1.07 ctn maxim  ultl error at S).5G7C confidence level,  Results also indica~e that the object localization

witil t\rO we]] chosen, e v. ..1 near orthogonal  camera views  could  lie nearly as accul ate as that with four

camera views.
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1 Introduction

1[] 1(’]~’r’(jl)t~ti(  ~~ljcr:~tic)[l. t h e  Io(’:11 O[)erator  sil(’ is plljsi(all)” ;LI :1 f:ir:,II:tfI f’rI)lll  fll(’ r(’lll(oto  ,Silf,

task e[lviro[Iftle  ILl,,  T o  co])c lvith  t h i s  ph~’si(al sc])aral.  iori I)ct’v(’en  t h e  iocll :111(1  r(’[~lote sit(’s, lariollb

I(v’lllli(llllk 011 !ll(’(’h;  llli-11), ‘-! PH>i Ii!’,. (“or lt:’o l.” [n; !(’!li!l{~  i! ’,11’  l)i,:~ ’11’ f’. ;l!!f 1 ‘:!:! -,1’!I!I i,lt:f;,(, ]\<IilIlf:

t~rvelopcd  over  tile past several decadcx  (Ilejczy, 1!) S():  Stark, et al. 19(S”,-; 5heri~la]l. 19{92).  111 particular. a

!,elc~robotic systc[[l  archi tecture sho~vn in l’i:. ] eInp]oys  a \-l/ interface ( ]]lis. 1991) in the local o[)erator

site to cope  ~vitll this pro  blcl]l. I’llc virt, ual  cnvironlncrlt  ill l’i~.  1 tries to Sir[llllate  t.llc lelnote-si l t  task

e n v i r o n m e n t  re:ilistical]y with a sufrlciently natural sellsillg/colltrol  int(’rf::(e 1,(o lJrc)vitie t h e  opera[ol

!vi~h a se[lse of tcleprescllce or a feeling of being present at th( remet.(: site, }xalnples Of’  f’lt interfaces

towards lnore realistic sensing/control interfaces include head- lllounted televisioll vie~ving (C; ocrtz, 1965;

l.iu, ‘1’harp,  l’rench,  ljai, & S t a r k ,  1993),  f o r c e  reflectiolL (Gocrtz k lle~ila(.  qua, 19.52; JIejczy,  Szakaly.

Sz Kiln, 19S9; lIalLnaford  J2 JVood,  1989),  and allthroiJolllc]rlj]lic m a s t e r - s l a v e  [nallipula,tion (Vykukal.

Kin:, & Va]]ottoli, 1973; ‘J’achi, ~~rai, k Nfaeda,  1990; Jau, l.e~vis. & ])ej(;’~.  1994).  :!]though  these

specific exal[Lples aimed at enhancing manual teleoperatic)n d<) llot rcqllilc r[lc)[lcli:l  g/silll Lllatioll of the

t a sk  ellvirolilnent, it is i~l ~;elleral  vital for the VR interface t,) maintaill a >illlulated virtual moclel of

.a remote site task environ rnellt in orcler  to support super viso~. y telelol>o  tic operat ion,  1]1 su~)ervisory

telerobotic  operation (Shericlall, 1992),  the operator issues higl)cr-leve]  ro]Illl]ai~ds  that can be cxecutcd

autollornous]y  Ivhellevcr  possible. Autollolnous  execution of hiqher  level  CO II II IIa IId S generally cfenlands

model-based control (Stark, Mills, Nguyen ,  & F/go, 1988; Ii:,uyen & St,:irk, 1989; ‘J’endick, Voichic!i,

“1’harp,  & Stark, 19!31).

Graphic  sinlulation of telerobotic  operations based on 31) ::eo~netric  l[~ode]s  of the relnote site task

e n v i r o n m e n t  h a s  ~}cen widely used for off-line task arlalysis iilld planllilLp, :ind also for  introductory

operator  training  (Kin)  ,!4 IIejczy, 1991 ). Several conllnercial graphics packa:ds (for example, l)ellcb

Rc)botics  lC; l{ II’/rl’l;l,l  C+l{ll’, Silma C1inl Station, ‘J’echlloInatix  ROll(.’:llJ  ) are ]low available for robot

silnulatiol~.  IIowever, u s e  o f  g r a p h i c  silllulation durinp;  the c)mline  telcrobotic o}jeratic)n,  for exal[lple,

as a tool for on-line preview and ])redictivc visualization, has been ]irnited (Iue to the lack of accurate

matchil~S  between :L ~;ra])llically  simulated virtual environ n]elll, ancl an actllal task environment. ‘1’llis

paper describes our recent dcvelopl~~cnt  of a V}{ caliblatioll technique t}lat  enables a reliable, accurate

matchi[lg through  ol)ermtor-interactive camera calibration anct object localization.

Although  there exist many ca, mcra cal ibrat ion (Sut]lerlancf, 1!374; l]a]]ad &’ ]]row’n, ]98”2; {+anapat!lyl

19S’1; ‘1’sai, 1987) and object loca l i za t ion  (1’all~eras  L: IIebcjt, 1983; IIorrl,  19S6; ]\run, ]Iuan:; , S:
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2 Camera Calibration Using a Robot Arm

Our camera,  calibration lncthod  which is designed for calibrated :Iapllics o~rerlay  hm three key llmv

featurc!s;  ]) A robot  arm itself is used as the ca]ibratio)l fixture, 2) .L\n ol)erz[tc)I-il~ter:icti\’e  data elltry is

adopted to obtaill reliable correspondence data. 3) A non]inear  least-squares algorit}lm corl~binccl ~vith

a linear least-squares algorithm is employed to obtain accurat~ camera ~)ararneters. In general, camera

calibration requires a calibration fixture to deterrrrine the camera ca]ibl  al ion parameters. ]>lacing a

calibration flxtur’e in the actual remote work site is, holvevt!r,  often not so easy,  ‘1’bus, in our approach,

the robot arm itself is used as the calibration fixture, eliminating a cu]nbersoIne procedure of using an

eXtel’llal  calibration fixture.

AIL operator-interactive methodology is adopted to provicle  the corres]]o]lcfer~ce information between

3-1) graphic Inodel  l)oirlts  of the robot arm and 2-1) image poi~lts,  since it is still clifflcult  for a computer

vision systcln to fit!d correspondence points reliably. I’ig. 2 shI. Jws the grap]lica] operator interface used

during the operator-  illtcractive camera calibration. ‘1’he  solicls haded 3-1) graphics is displayed on the

upper left window, and the live (or stored) video picture received froln  tllc renlote site appears on the

I lower  left  winclow.  As the operator clicks  3-]) model points or ;?-I) image ])oints, their coordinate va]ues

appear’  oli the scro]]cd  ]ist widget of the upper right camera calibratic)n (;~ll (graphical user interface),

I Whel\ all desired object poillt,s  and their corresponclin?;  inlage })oints are en[crcd at differelit arnl p o s e s ,

the Ol)crator call  request the system to compute the camera c:dibratio]i ~)a~ alncters.

“J’llcre  is a standard linear least-squares method that cletcrmine the ca]nera parameters  (posi t ion,

orieliti~tion, and focal length) for given  6 or more 3-D object points and their corresponding images
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ill 2-1) scre(!n roor{linzt~’s  (Sutllcrland, 197-1: IIallar(l & Ilrcj;vn, 19S2),  1)~ ahh(lr[]irl~ lll~lt tl]e ir[l:i~c

f(~rnlatiorl  (of 111(’  carll[ra c a n  1)(’ Illodclcci  I)y z persportive  p!ojecliorl (of t!l~ :J-1) lvnrld  [nrltc  l,lie ~-[]

i[rra:c [)];111(2  (i(l C’il/ pinholo nlo(lcl). ‘1’llcl’e is ~]SO il more a c c u r a t e . (’Iep)allt  t’.i”()>l #l:jo Iillear  ldasr-sql~alri

nl(’thod  (rl’sai,  19S7) ttlat,  cc)r~siciers llolllil~ear  radial  dis tor t ion of Ierls o[)tic:.. 1)111 this t\vc)-5ta~c’ Tllc~llO(l

is not Ilecessary ill otlr graphic overlay applications, since  real-l iltlc :1-1) g,ra!)llics tvorlista[ions in g)elleral

do not support nonlinear projection. E’urther  we assunle that 1 ) the camera {Iptira]  axis is perpendicular

to tllc image plane, passing through the center of the camera vie~v (1’ig. 3. ant] 2) the vicwport o f  L!lc

‘gral)]~i~ o~~rla~  ~vill(]o~~ i[l sclL1arc-~ji,xel  r e so lu t i on  coin cid(:s lvilh tllc 111]1 siz[~ of tllc ra[]lcra l“ic~fv. IIasc’d

on the above assumptions, we first transform the screeli  coordinates (u~, ~’~) to image plane coordinates

(7L, v) for each ilnage point:

where the viewport of the graphic overlay window is clefillcd I)y (lnin. x, n~ax_x.  ]nin. yl max-y) in screen

lJixe] coordinates, for C! XEiIIl~)]e,  (0, 646, (), 486]  for a ~g’s~~-sizf  window’, ]vitl~ the image-plane scale and

translat ion factors  for  the ]~orizontal  axis 52 == cZ == max. x/2 a n d  fol tile v e r t i c a l  a x i s  Sg = CY =.

max-y/2. We now define a 3 x 4 camera calibration lnatlix C that relates 3-1) c)bject  points and the

transformed (re-center-ed and uniformly scalecl)  2-1) ilnag;e points by

where u) is an arbitrary scale factor for holnogcrreous coordirla,tcs, arid

I jooo
~ :-- I’V = of o 0

0 0 - - 1 0

(3)

C21 C22 c~~ C2<1
(4)

C31 C32 C33 C3. [

o 0 0 1
L d

The calnera calibration lnatrix C defines the field of view angle, position, slid orientation of tllc camera.

‘1’he  effective focal lcllgth f which is the distance from the lells  centcl to the image plane (1’ig. 3) defines
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fixture.  ltowcvcr, as tllc input data !Iecorne  less pe r f ec t .  f o r  example . (Iuc to ark imper fec t  georllctric

~llodclirl~  of the robot,  a r m . the linear algori thm do(cs n o t  gylarantc~c  tllc [>rtllo[iornlality of t he  3Y3

rotation matrix describing the camera orientation. III general, au ite!ative Ilonlinear l ea s t - squa re s

algorithm must be employed to obtain the least-squares solution  that satisfies the orthonormalit yofthe

rotation matrix. In the nonlinear algorithm (Appendix B), three angles  irlstcad of 9 elements of the

rotation lnatrix are used to represent the rotation. ‘J’he lLolllinear  algolithrll could, however, diverge

or converge to an undesired local minimum, if the illitial gufss is not suflicicntly close to the actual

solut ion.  ]n order to overcome this p~oblen~, we devised a lle\’v’ ttvo-step c~)lnputational  proceciure:  1)

first, obtain all approximate solution by the linear algorithnl, and therl  2) apj)]y  the llolllinear algorithm

by using the linear least- scluares solutiol~  as an initial ?;uess. once the canlera paratneters are obtained,

the graphic model of the robot arm can be overlaid OIL the video camera view.

I{’our  views from three cameras were calibrated for the JI)J /CJSF’C rclnote servicing demonstration:

1 ) side view, 2) oblique view, 3) overhead wide-angle view, ZLnd 4) overhead zoom-in view. In each

camera  ca l i b r a t i on ,  t he  ope ra to r  typically enterecl about  ].5 to 3(I data ]Joillts  ill total from 3 or 4

difierent arm poses. l’;xamplcs of calibrated graphics overlays at four diffcrcllt lobot arm poses for the

oblique-view calnera are shown in l’ig.  4.

3 (lbjcctf Local i zat ion

In our VR calibration, the object localization is performed after the caincra,  calibration to determine

the pose (position and orientation) of each object. ‘1’his enables graphic ovel.lay  of both the robot arm

and the object(s) OIL live video. Since the object pose become:, known throu:;li object localization, the

operator can now cf[ectively use the scnli-autornatic  col[llJute [-ger~eratecl  trajectory mode ill addition

to the n~anual  tc]copcration IIIOdC.  Our object localizat ion In[, thod has three key new features:  1) An

operator- interact ive Inethocl is adopted to obtain reliable corlespondcllcc data. 2) .4 projection-based

l inear  least-squares algori thm is  cxtcndcd to consider multiple camera victvs.  3) A nonlinear lcast-



sqlli~ros  alq[jri( It[ll co[lltjirlcfl  w i t h  the (~xtcndc(l Iincar  o[lr  is eII)[Jl[}yOfl  to 01)1 :lill ;Lll af.cllr’atc  (Jbjm”[ posp

fro[ll [lll]lti[)lf  car]lcra vi(’lvs. ‘]’ltc Opf’rat, or’s int(’racti!’c’ data (’:Il r’:.’ prcj<”f’[ll]r’  (or’ t ]IP {Ji)jc(’t  10 Cil/i Zalio[l

is c’ssentiallr  id[:llti{al  10 Itllat, f o r  c:~rner:i calibra[ioll (see  l;i:. :’ and S(’rt,iol) :) ).0> (’CJ)t I,ha! !,]lf’1)1)~’I’iltC)I’

t~lis tilrl[’ enters corres[)olldill< points for  all objc!ct (not for [h( r o b o t  arrl))  ‘,~ith sc~”rr’al  (]i[frrc[l[  carllcra

ricfvs.

l)ctcrnlining  t h e  o b j e c t  p o s e  from  given  2-1)  ca]nera vi{~vs has  l)e~’r] s t u d i e d  as o n e  o f  the key

issues in robot visio[~. Roberts (196.5) showed in his pio[leerirlg w o r k  that [II(:  pose of an object call

‘I)c convenicrlt.1~ descr ibed by ahonloSerlcous  coo rd ina t e  t r an s fo rm ,  }Ic fllrtllel sholvcd  that the ol~ject

p o s e  can be deterlnined  from a si@c view of an object by using a  least-squares  algoritll[n if 6 or

Inore  3-1) object model points and their corresponding ‘2-1) ilIl:\ge  cooldillat,es are available. Sutherland

( 1971) later developed a more straightforward least-squares al{ ’,orithrn. I]oth l{oberts’ and Sutherlancl’s

algorith Ins are projection-based 3-1)  to 2-D point matching, since 3-1)  object points are projected onto

the 2-J) inlage p]alle  to match with the actual camera image ],oints.

q’here  arc a!so several object localization algorithnls  based on 3-]) to~~-]) poilLt matching (];augeras

J2 IIebert,  19S3; A r u n ,  ]Iuang,  k lllostein, 1987; Waker,  Sha(.1, & J:olz,  1991),  when  3-1) o b j e c t  p o i n t s

are given in t~vo different coordinates, for example, one in ol~ject  model coordil\ates  and the other in

visua,l/range sensor coordinates. When st, creo camera views  arf available for aIL object, both approaches

are possible ill determining the object pose: 1) an extended ])lojectiorl-b:  ~sc(l algorithm that does 3-I)

to 2-11 point matching for  both carncra views, and 2) a triangulation lnetl~od  that computes the 3-1)

position from the 2-].) stereo-pair image points by triangulation and pelfolm IIlatChiIl~  in 3-I) space.

S imula t ion  resLl]ts  coI~llJ:~ritlg thet~vo l~lethods  illdicate that tll(~)rojectiol~-l):~secl  lrletllodislJrcferre(l,il~

lJarticu]ar,  in terlns oft]lc orielltation  cstirtlation accuracy (]<ill! k Stark, ]9,s9).  Another’ key advantage

of the })rojectio[l-  basecl  a])proacb is that a sing]f:  ilna~,c point data correspolldi  ILg to each object  point

is acceptable as an input data, while  at least t~vo image point<  corrcspolldi]l:  to each object ~)oillt are

required for the triangulation-based approach. Thus. we dev(:loped  ~~lc)jct-tic>~l-l)asecl l inear/nonlinear

least-squares algorithms extended forlnultiple  camera views.

f\n image point (u, v) in  camera image coordinates  and its correspondin~; object point located at

(z, y, z) irl object model coordinates are related by
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where  the CaIIICJra  calibration  matrix C i s  given  by (.1),  and  tile  objef  1, post, Iilatrix  N1 c o n t a i n s  a ;] x ]

COIL  II1lI1 vector t,,, ~11(

mode l  frame,  l’C’SJ)CCt

a3x3 rotation Ii Latrix R,,,, describing I he position aIItl oriental ion of l.he ol)ject

vPly, relative to the robot base fra  Ine.

[1IL,,l t,,,
M= -—

ol–

J}-hen a single camera view of an object and

(6)

Iocalizatioll, Ive can proceed Ivith  the lillear/IloIlliIle:L[  least-s{  luares algcjritliIns that are basically the

same as those of the camera calibration described earlier excepi,  that this tiIIle  tile ef~ective  focal length

j is known. JVhen  multiple calnera views of an object are given, algorit}l~ns  for locating the object are

corl~putationa]ly lnore involved as described belo~v.

>\ fter some algebraic manipulation of (5)– (6), we can derive a lillear least-squares algorithm that

determines the object  ~)ose  for given  ~nultip]e  caInera views \v;th known <aI[~era parameters. I,et a, =

c]i~~-csl’ul bi ~ czi~~ C3i’U fOr i ~ ],2,3,4, and X ~~ (~1 I, TIz, T’ls,  Tlq, Tzl, T’z;, ~zs, ?’24, ?_SI,~SZ,~SS,rS.l)T.

Then.

Since each pair of object and iInage  ])oints  yields  two equatiI)I1s  of (’i), we caIi  have a system of linear

a c t u a t i o n s  Ax == b, w h e r e  A beconles  a, 2N x 12 matrix for .V pairs  of  object- image points  entered.

When N > 6 from 4 or lnore non-coplanar  object  points ,— th[ least- squart!s solution can be obtained

from the normal equatiol~s A7’Ax  = A7’b,  \v]lere  ATA is a 12 x 12 matrix. It turns out, however, that

the system matrix A is singular (t}le rank  c)f Inatrix A is 1 1), and the sc)llltiorl  in general has the form

x  =-- k-x},  + Xp, (8)
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~vher[: xi, is a fll]ll->parc  vector sol[ltion of tll(: honlo<,~,[[eolls rt~llations tlx ‘- O. an<] x}, i> Lh(’ pa r t i cu l a r

Sollltio[l  0[ t]l(,  [I(J[l]lr)rll{)gclle[JLls  (~(lllatio[lh .AX =- b ‘1’llc -(al(?  far[(>r  ; i~ (lcl[’r[llill~(l Ily tll<’ llnil

magnitlldr co IIsl, rai IIts  of tlIe  rofjatiotl  II Iatrix.

G a u s s i a n  Clirtlillation  with conl~)lct,e  ]jivotillg  can  t){: a[)plif!l  toth( [ioll[l~~l~tlll:lticj[is  117’Ax = .A~”t~

l’..\ is 1 1 ~1, ~111(, ~a,,;< ~]c,li[it[[:,  O[lt> zt!rwl)il’o[ LJ~cul”~L() co[[lplitc x}, AI)(I .x{,.  Sillcc  tlie rank 01 I[latrix A . . .

duri[~g tllc pivoting procedure. l]y virtue ofthc colnl)lcte p i v o t i n g  }vhic]l a]lolvs both columII  and  rolv

il~tcrchang;es,  tl]e  zero pivot actually occurs at the laht  COl UIIIH  and last  roli ill the form of O . .r = 0,

,tvhere  .7 is OIIC of the 1’2  un!ino~vn  varial)les. ‘1’hc variable 0 is (ailed a fre[’ v~~riable  (Stran S. 19[S0), s i n c e

any value of~ can satisfy the equation O..r == O. lly setting z = O and l)roce(:[lin~,  ;vith  thcstanclard  back

substitution procedure, the particular solution xP is obtained. By setting I : 1 and proceeding ~vith

the back substitution, a nu]]-space Y’ector  so]ution Xh is obtained. Since  t]lc’ abet’e ]inear least-squares

solution C]OCS not guarantee the orthonormality  of the rotatiofl  matrix, the so]ution is used as an initial

approximate guess for the following nolllinear least-squares algorithln,

in the nonlinear least-squares algorithm, a rotationis  represented by tl[lcc rotational  angles instead

of 9 elements of

that each object

where

the rotat ion matrix 1/,,,. After sornc’ algebraic manipulation  of (5)- (6), we can sho!v

])oint  (Z, y,z) ancl its corresponding image ~)oint (ut’)yicld  the tkvoccluations:

F“=  u+ f:;-  ==o,
,

,
G’=: U-/ f;-=. o,,

(9)

(lo)

(11)

(1’2)

(1:3)
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‘\\’ llcr(l

(15)

I 8z/acY = c31(8u/dcY)  -t c32(dV/dcY)  -1 c3-J(i)H’’/&t). (16)

fvith  ]~”1 =- f/~, ~1”2 z - -  j(.~/Z2),  ij[)-/ilQ  = l’~~lJ -- Tl~Z, dV/i)Q ~ ~2:3J,/  - ?’?~.:, al’\ ’/ac? == r3:3y -- r~~:.

‘1’he above liIlcar/norllincar o b j e c t  localizatioIL  Inethod \vas applicci  t o  locate t h e  ORU  i n  t h e

.Jl)l,/({Sl’C r emote  s e rv i c ing  den~onstratioll task by Llsin:  four  cal ibrated camera vie~vs. E x a m p l e s

of calibrated graphics overlays for the four  calllcra views  aftel the completion of the J:lt ca]ibratioll are

shown  in Jig. ,5. lNcJte that both  the robot arln and the object gra,pllics  Inodcls  arc no~v s u p e r i m p o s e d

on the video  ilnage. Graphic  models  can be overlaicl  in wire  franLe  and/oJ irl s o l i d - s h a d e d  p o l y g o n a l

rendering ‘V~itli TJarying levels of transparency, producing dif~[rent  t’isu:i] effects to the operator. I’he

hidden lines can also be removed or retained.

I 4 Experimental Results of Calibration l;rrors

A s  Sliow’n  ill l’ig, 5, four camera views were used in th~  JPl,/C; SII’C dclnolistration to  perform

an ORU changcoilt relnotc servicing task: side view (view I ), oblique vie\v (view 2), overhead ;vide-

angle ~’ictv  (view  3), and overhead zoonl-il~,  view (view 4). in operator  f i rs t  cal ibrated each of the

four camera views thL’oLlgh the opcra,tor-interactive calnera calibration procedure, and thclL dctQrlllilled

the oltlJ pose through the operator- interact ive c)bject  localization proced Llrc. In order to  measure

calibration errors of our calibration techniques, an operator ]jcrfor[ned  a colnplcte V]{ calibratioll run

tell tilncs, cacli  run consisting of four camera, calibrations and one O}tU object localization. Ill each

camera cal ibrat ion,  the operator  con~nlal[ded  the robot arm to rnovc  to 3 or 4 pre-clefined  arm poses

and e[ltc  red 3 to 10 r o b o t  arm gr<aphics niodcl p o i n t s  a n d  t})cir corresponcii]~p, video ilnage points at

each rol)ot  arln ])ose. In the object localization, the oJ)erator entered correspondence data for the ORU

9
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11 S1[1!2,  t~l(’ (’illll)l’ilt(’(1  t(lllr  (’:LII)(’I’:L  VI(>LVS. ‘1’hc ‘“t I’llc” (jtj jtct, lf)cat io[i W;I> ;Il~tJ IjljtaiIl{’tl I)!” rca~lill< I  111’

acttlal j(>i[ll a[I<:l Os of 111(~ IC)l)OI mrIII after fllll~’  illhcrlirl:;  111P [Il]t dri!(’r fo,~l ~>[ tlIIL irI}lj(Il  ;Ir!tl  il]l[j [11P

L()[J IIolc  of tll~’ 01/  (-. l)l]ri]lg I,llis ills[rtion, [II(J  cc)lllpli:lnt  (lal[lpin~  roII[r  I)l III(Itl~’  l’:~ls acli~atf(l ill ~~cder

Ilc)r to  Illovc’ tllf! O]{(T,

“]’]1(’  a\’(’I’{1:,(’S  ;111(]  h[;llld<lr[{ dl!l’iatioflh  0/’ [])(’ Oi)j{’Ct  10CJ]lZJ[io[l ~’l”lor. I’()[ LIII’  1<11 \’1{ {alil)ratio[l

runs arc listed ill “1’ablcs 1  a n d  2, rm])ectively, Sllolvin$ t h e  effect  (of Ilhi]l!l,  different Combinatio[ls  o f

call]cra vic~vs on object  local izat ion errors. ‘1’he obj(ct local izat ion error  \Yas obtained by t:Lking t!le

difl’cr?ncc  t)ct~vcc[l the cstirllatrd object pose obtained by the \-It calit)r:i[ioll  an{] ttlc “trllc” object pos~’

‘I’hex,  y, and z axes of the OltU object frame fverca]igned  with the vert ical , horizontal. and insertion

(depth)  axes of the ORIJ hole entrance, respectively. T w o  kinds  of l)ositiol~in~; errors in inscrtill: the

nut driver tool ilLto the Olt U- hole were  considered: aligllnlelit and clepth  [’rrors relative to the “true”

ORU  hole position. ‘lThe Inaximum (worst) aligI~Inent e r r o r s  at 95% coIIfIdcILcc Ie\’el ~vcrecolnputecl by
. ..—

l/LA~ul +- zaAru  f rom ‘Iables 1 and ‘2, w h e r e  lp~~y I  “ J’L+ Pi, a’~dfl-bL ‘“” Jz.+ d,. a“~th~
resul~s  are listed in ‘i’able 3. Similarly, the Inaxinlum (worst) (Ieptb  crror~  at. 9.5% co IL fidencc  level  ~verc

compute(l by \~L~zl  + 2a~z from ‘1’ables ] and 2, and are also listecl iIi ‘J’able 3 .

\Vllen  a single camera vie~v is used for object localization, the ol~jcct  localization error along the

camera optical axis tenc]s  to be ]arge.  p~hell  the side view  (car[lera view ]) ~~:as used on]y, the alignment

error (10. S9 cm in ‘J’able 3) ~vas larger than the clepth  error (1.2T cm). }Iy contrast,  when an overhead

view (camera view 3 or 4) ~vas USCCI, the alignment error (4.20 or 4.,57 CTTL) \vas smaller than t,hc depth

error (6.46  or 9.04 c7n). As a nlore nulnbcr of camera views  ale used for object localization, the object

loca l i za t ion  Crror  tends to decrease, III Table 3, the InaXiHIUI[l  pOSjtjOIljI]g ali:nItlent error Juas in the

range of 3.2S to 10. S9 cm for one  camera vietv, 1.15 to  2 .91 cm for trvo calncra vie~vs, 1 .13 to 2.08

c7n for three came,ra views, alld ].oj” cm for four camera view,  . g’l~e maxilllurll depth error was in the

range of 1.2? to 9.0.1 cm for  one, camera view,  0.T3 to 5.OJ c/n for  t~vo c:~r[)era  vicivs,  (),60 t o  2 . 2 3  cm

for three camera views, and 1.3T c?n for four camera view’s. object localization with t~vo well chosen

camera views, for example, ]-}2, I-+3,  or ]+4 (near orthogonal views), Ivas rtcarly  as good  as that with

four camera views. ObjectlocalizatioI~ ~vitht~vo  l>oorly chosel~calllert( vie~vs. forexaml)le, 3-}-4 (similar

viewing an?;]es excc])t  ZOOIII  settings), yielded ]ar’ger  errors.

In our demonstration task, all four camera views were used for the 01{1; object localization. The

positioning align lnent error foratoolinscrtiol~  into the ORU IIolc usillgfc)ul  canlera views was 0.51 cT7t

2 f r o n l rJ ’ a b l e  l), with al. OTc~~zlllaxilrltil~l aligr~r~~er~ton the average (coJnputed  bJ’ [~LArgl  ‘-’ ~L~IT ‘}- lL~l,
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5 Preview/P]  -cClict)ive Displays

[;roIllLd  collt, rol of space roho Gs has  potential  opcr:ltional benefits ill i’lltlrc space Inissions. I)ossible

futllrc applicat ions include grollrlcl-co[lt  rollecl satellite servicing in space. teloscience experiments on

space p l a t fo rms  sILc]l as the Space Stat ion,  and gro~lll[l-cc)ntrt)llecl  rclnotJe ~lssclrllll y/collst ILlctioll tvork

on the h[oon  or h~a,  rs, III SUCII groun(l-cont  rollc(f  reniote o p e r a t i o n s , holve~cr.  there is an unavoidable

conll[ltlllici~tic)ll  tiltle delay. The  theo re t i ca l  lo~ver  bolllld of the round -tiip c(>[l~l~l\lllic.atior~ time de]ay

imposed by the speed of]ight is 0.56 stothc low ]Carth orbit vi: ageostation  arycomlnunication  satel]itc.

slid 2.5 s to the hloon. When the existing N.*IS.+  colrlmurLication  facilities, are utj]ized, the rounc]-trip

time delay between the ground  station and the]ow Earth orbit is expected to be 4 to 8 s to relay data

tia several col~l~[)u~licatiol~s  satellites and ground stations.

-L~s the colnlnunicatjon  tirlle delay e x c e e d s  beyolld (),5 s. jt is iIl~rCa~ill~ly nlOre difficult f o r  t h e

h u m a n  operatort o])erforln 1’e:llotelnalli~)Ll]atjoll  tasks. J\ w’e]l kno!vIL st]’atc’g;ytoccj~)el~fit]l  time delay

is the “move and wait” strategy (1’’erre]l,  196.5). ]n this strategy, the operator moves the manipulator

,a small cl istance and then wait, to see what happens before the next ]ILo\”c. ‘J’\vo ilnportant  schemes

that enhal~ce  tclerl~al~il)ulatiol~  tas!i perform ance under con~lnunicatiol~  tilnedclay are predictive display

(}lejczy, K im,  S Vencma,  1!390;  K i m  & Hejczy,  1991 ; Sherida], 1993) and sharec{ compliance colltrol. A

recent investigation (Kim, }Iannaford,  S: Ilejczy, 1992?) basecl on peg-i  whole tcleoperation experiments

ulldcr O to 4 s tilne clelays  indicated that tile use of sharecl  compliance corltroI  at the remote site is

essential for  time-d~laycci teleoperation.

h’eves and Slle’ridan  (198.1) in the LIJI’ hlan-hfachine  Systems l,abc)rat.ory  pioneered the first pre-

dictivedis])lay for tcle~llarli~julatioll  by LlsiIlg astick-fig;ureg  rz\~Jllicsr [-lo(leloverl:iid 011 theclelayecl vicleo

picture of tile manipulator, III this predictive display, the o])crator clrivcs the p;raphic  lnodel ~vhich re-

sponc]s  inllnediately  to the hU1llaIl operator’s control c.onlmalld, while  the actual vic]eo image of the arm

responcls with time clelay, fc)llowillg the graphic rnoclel. III rffect, tile gralJhic  mo(lel  leads or  predicts

the actual robot arm r[lotioll. ‘1’he effectiveness of the predi(”tive  display tcchlliquc was dclnonstrated

u s i n g  siltlple moclcls  of t he  Il]anipulator  arm  ancl  si]nple  t a s k s  (llashi  Inoto, Sllcridan.  & Noyes,

Sheridan, 1993).

Wc haY’e r~c~[ltly  eXtC[lded this CJri~illal  s t i C k - f i g u r e - f y ] ) C  Prcdictivc disl)lay  tc) high-fideli ty

11
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l)rovi(if:s  (,11’tTcli\fI  VI> II:II pr(~li(lic)rl, ,,f,l,i]i(.:ili(.)[1 [O []1{1 (J\J{,Jal~)r  ltjr I)IJIII  ~tjr~l:~t: ;l[lll ll[)ll-i” OIl[<L(’l  l;[..; {,.,

‘1’lle operator  first  gcncra~cs the s imulated robot  Illotion lrajcct(.jr~ ~’i-!lcr })} a ltazld control ler  or

by a conlp[lter trajectory gellcr ator, a[lct then visuall~’  verifi  (’s the getie] at+’d r o b o t  ILlotion  tri~jectorv

.tllrough prcvic;ving lhc silnlllate[l Srapl~ics  m o t i o n  of the rol)ot iIr III aqai]lhl T 11P artllal  vi~lw)  calrlcla

ilnage of the quasi-static remote-site work scene. OILCC ver-ifi~d,  the recordvd [Llotioll cornlnaI~d  i s  s e n t

to the renlotc  site for  actual  motion execut ion.  in order  to elirnillatc tlir }Jroblcm iLssociated  with the

varying time de]ayin data transfer, the robot ~riot,ion  tlajector}-col~l:~~zil~cl is riot execute’d ul~til the entire

trajectory data are received at the remote site. l)uring  the fxecution. col)l[Jlia.llcc/il[l])edallce control

can he activated. At the local site> the operator  monitors  tllc actual  motion c.~ecution  by observ;n:

the returned video image of the robot arln motion. J\”hen  n) contact is involved, tile v~deo imageof

the real arln follows the same trajectory as the silnulatert pr{vie~v Inotion, J\’hen contact is involved.

ho~vcver, the final  positionsof  the sililulatecl  E,raphics  al~d:~ctllal robclt:irl[} sc~i[~tje ci[tite clif~erel~t. l:or

this reason, after the colnpletion  of the robot arm trajectory command, IILC simulated p;raphics  arm ;s

upda t ed  w i th  the actual final robot jc)int angle values.  l’his update clill~illatcs  acculnulation  of small

motic]n exccutic>n errors as well as large compel lsat,ion  errors (!ue to t,}le col[l])li:ll~ce /iln~Jcd:~llce  control.

]~x:~~Il])les ofprcvic~v/prccl  jctive disp]ays  }vithca]ib]atedg  ra]>]~icso vellay(]  Lllillgt]~  e~)erfoil~~al~ceof the
● ,

JPI,/GSl’C  demonstration task are shownin Jig. 6. l)review/predictive clis])lays are not only useful for

space telcrobotic ap])]ications with tilne delay but also very Ilseful for terrestrial a~])liCZLtiO1ls  W’ith  110

time delay,  such as in disposal and remediation  of nuclear wa:tc, for safer a[~cl Inc)re  reliable ol)crations.

‘I’o support both manual al~d supervisory tclcrobc, tic operation ~vith ~)levic’~v/~)rc(licti~e  clisplays.  a

g r aph i ca l  ope ra to r  jnterfacc has been clcvelopcxl  by llsing two Silicon ~;ra[)hics  ~vorkstatio[ls anti one

N’1’SC vicleo m o n i t o r . ‘1’lle p r i m a r y  w o r k s t a t i o n  ~Ims-4r]/:{lo  }’C;X) is USC(1  for previe\v/prcctictive

clisplays  and for various GUJS,  ‘J’l Lc seconcl workstation (11{1S 41)/TO (;’1’)  is solely  used for sensor data

clisplay,  provic]ing  graphical visualization of robot arm jojnt,  a[lgles,  6-dof force/torc]uc scnsc)r data, and

capacifl?ctor proxjmity sensor data (])as, ]992). l’ig.  T shows a toplevel screen layout o[l tl~e prinlaly

w o r k s t a t i o n  screen during  the actual task execution. A caliblatcd ])revie\~/l)reclicti~~c  graI)llics overlay

on the live viclco picture appears on tllc upper left winclow,  :Ind it also apl~cars  on the full screen of a

12



1!)-;/)(/) XI’S(’ fIlonilo[  for  l)t’tter tio~vi[i~, ,\ S i l i c o n  (;rapllics  P’ifl(’o[,al)  tjf)ar{l  ;lllI)\vs IIlis ~i[lll[llallw)ll>

liv~’ tifl{:o (lis[)l;~}t. .\rl  ,J[),r:llc,r-~l{[irlffl  s~[,t,!l{lit  (Vir[l;ll) ~:~:r]fr:l ~if!v ivl)i, 1, ,,1, lJ,T .,r 10 :,II:; l,:>ir,~l

k-lc~villg arigl<,. [Josi[i~)[l  a[i(l Z[)orll i s  (lispla}{’fi fjn t IIC lo~v(’r  lc!t }vintl,-)ii

‘1’1)(’  ~r:LIJllics/rc>t)c)[,  cunt, ro] nlain c; [!] (lo\vcr  rig]it  JYill[l(l+v ir~ l’ig,. 1 ) Alioiv:, t.llo {J[J(’r~~t~or  t o  issl[c

;III ill~li~i~ill:ll  LLIIIIjlI~i[L~l  iiilc~r:~~li\(~!j, ‘j 11{?  U])l)C’I’ -~ ~)!I\P/i ;11’, l’,~[” :+r;ll);lll’.-  ( illll I’<)/ >11(’~1 ,1> I J ;I”;  lp]l],, >

~ic\v splCcti~I~,  ~) v i e w  tr:l]~s]atio  Il, rotatio  I1. ~Ild ~~orI~. 3) rc!llcrili~ rll(l(le >tlectio[l (Ivirc- frame. solicl-

s h a d e d ,  Luire-fra[ne Jvith  hidderi Ii[le  rf~lnoial. wire-fral[lc ~vit. h :;12111i-tr:\ils]);~r(~ri[ solid  surfacr  rnoflc]).  a]ld

.-l) viclcoil[lag(> selcrtic)r~  (no~ i ( l co . l i ve  vicleo, orst[]rctl  ~i(lec)i [l:]gefilt:]. ‘1]l[]oi$~r-1  ])lll{>lj  arc fol’l”O1)O1

control. ‘J’hd  f i rs t  panel  allo!vs  the o p e r a t o r  t o  defillc  alld  cl(sigllatr ““taS”’ l)c)ints (target/(lcstillatioll

points  indicated by zgz coordinate  fralncs) for the cc)rnlJutelgeIleratcd ~rajcctorymocie. ~’he secoIicl

panel allows the operator to select a desired cartcsiall contr,,l mode for [he hand controller control:

world (robot base), tool (end  cffector), and calnera-vie~v  referenced contlo[. fvit,h a specification of the

cartesian control frame origin, forexarnp]e,  at the end cff’ector or at tllc toc]l tip. ‘J’he operator can also

set the position ancl orientation gains of the,hand controllcl  motion. ‘J’lle sa]nc  inverse inverse Jacobian

cartesian  co]ltrol  algorithms that drive the actual remote robot arm ~vere used to dri~e  the local-site

simulated robot arm (l,cake, 1991). The third pane]  allo~vs thf operator to recc)rcl,  stop, aI~d  play back

thehand colltroller motioll trajectory for prcvie~v simulat ion. ‘lhescriall/Oalld  trajectory data buffers

~vere effect ively used  to avoid alLY missing data in serlcli]~g  t}le hallcl coILtrollcr  lnotion  data  f rom the

real- t ime system to the ~TNIX-based  Silicon  (;raphics v.’ol!ista’ion  at 30 IIz through  a  9600-baud ser ia l

1/0 line. ‘1’he last panel allows the operator to send a relnotc executioll corn Ina]ld  il~dividually  to the

relnc)te  site.

III performing al~ actual telerobotic  servicing task involving a long sequence of graphics/robot colitrol

commands, it is n~ucll more efficient to utilizean auto secluence  task scri])t  tlla,Il toentcr  each individual

command interactively. ‘J’}Ic task auto sequence GUI  (upper right wiIldo;v  ill }’ig.  T) displays a selected

auto sequence script on tllc scrolled list window, and the cur-relit command to be executed is highlighted.

~’he operator can execute the highlighted command by clickil,  g the “stc])”  button. ‘J’lle operator can

interrupt the currerlt execution by ‘(cancel” button, or abort the script cc)mplctely  by “abort>’ button.

‘J’wo types of commands exist: local and remote execution commands. I.ocal execution co]nmancls

tha t  cflect c)nly the local s i t e  i nc lude  (;raphics, V ideo ,  ~:Lm( al, objlc)c. ]tcfercIlce_fran~e,  ‘J’ag_po;Ilt,

and Object grab/release commands, ‘J’he  P211)Ok  C!Xf?CUtiOIl  commancls  Curr’ellt]y s u p p o r t e d  i n c l u d e

robot arnl rl~otion trajectory (rJ’lt~l  J}; CrJ’OILY),  control algorithIn selection (I N~tol<l I~_.41,(;0  Iil’J’l Ihl),
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G ‘lkler.obotic Scrvicil]g  I)cmonstration

III \Jay 19!3:3.  the develo[)ecl  \’R cal ibrat ion and hi:, h- fideli[y  ljreliof~/[JIL(licfJive displays Jvere sllc -

ccssfully uti]izcd ill dcmollstra  tins a groLlllcl-siIllulat~3cl 01{[” chang(:ol]l  lclllote scrkicin S task u n d e r

v a r y i n g  coll~l~~[lrlic:ttio[l t ime delays of up to se~’eral  seconds. In this clcI-lLo[istIatiolL, JI’I. acted M tllc

operator site simulating thegrouncl control station, atlcl C; SF’(’, more tilan 2,500  miles away from JP1,,

acteci  as the remote work site with a ]ifc-size  F,I) (Flxp]orer  ~lal form) satc]lit(> task mock-Lip, a Robotics

Research Corporation K- 160; robot arm, and a. I,ightwreigllt  Servicin:; ~’ool (l SrJ’;  socke~ dr iver  po~rer

tool)  mounted at  the end of the arm. 21W0 key tcclknologies  employed to cope with conlm~LIlication

time delay were  high-fidelity ~~re~ric\v/l~lcdictive  displays described in this l,aper and ~vrist force/  torclue

sensor referenced coIllI~liaIlce/iI~lped  allce  control (I,eake. 1991 I implemented at GS1’C.

~’he NASA select television broadcasting channel was USC!L)  for a ]ivc video  ]iILk  (30 fraInes/s) fL’0111

NASA  -G S}’C to ,]l)],. A ~c]’/l]) socket communicat ion through the ]nternet  coInputer  Iletwork was

LIsed for a bidirectional command/data link. l’he lC)uIlcl-tI  ip lllterllet suckct conlInunication  d e l a y

between Jl)l, ant] YAS.4-GSI’C  was nlcasLLred about 0.1 s 011 the avera~e.  althoLlp;h there were soxnetimes

long time delays (e.g., a IO-minute testing indicated that abo[lt 0. S’% of the delays was lolLger than 0..5

s and about 0.01% was ]onger than L1 s).

‘1’he  OILIJ changeoLlt  task scenario used in the remote se[vicin: dclnoI~stration had the following

sequence. 1 ) I)erfor[n  car[lcra calibration. 2), Perform object local  izatioll to determine the OltlJ pose.

3) IVIOVC  the arln from the start position to a positic)n  where the 1.S”J’  tip is about 20 crn ill front of

the entrance of the hole  OIL the  O1{U module.  4) Nlove the 1,S”1’  to the irn II)ediate  e] Ltrance  of the }lole.

.5) insert the 1, S’1’. 6) l,atch  the 1, S”1’ tc) the ORU.  7)  ‘J’urn C)JL the po~trer  tool to loosen tile scretv.  8)

Pu l l  ou t  t}~e ORU  by 5 cm. 9) continue  to withdra~v  the OILU  so t}lat  it is about 15 cm apart  froI~L

the satellite. 10) Llove  the OltU to a stow position. 1 1 )  lVIOVC  thC ORU  bacli  tcJ 15 cIn in front c]f t he

satellite frame. 12) Align tllc OILU  for insertion. 13) Imert t]l[ ORU. 14) l’urn on power tool to tighten

the screw. 15) lJlllatch the l,SrJ’ f r o m  tile ORU.  16) l’u]l out  the l,SrJ’ t o  a b o u t  20 c[n a;vay  f r o m  t h e

OItU.  1 ~) l’inally, Inove  the arm back to the start position.

Steps 5, 6, ~, 8, ]3, 14 1 a n d  ]5 W’CL’C?  execu t ed  aLltonomou$ly  by i[lvokill~,  arl app[ol)ri~lt(!  a]goritlinl
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L’01\12(’!  \vir,  ll [ILLI  [ask (’[lvirc>rlrll(’rlt,. filrl(l Ihlrs tva,s ai(le{l  b~” Ii’rist I-orrf,l l,[j[Ipl~>  >+’[1,.{Ir  f’f’ c’r(,rlc~’fl  (’0 111-

[Jliarl(’~J/  irtl~){[l;  lrlt~: (ontrol, StI?ps 1, ..~(),  )() ]1. ]!. l(j,:l[l(i 17\V{~L,{X”lTc 1 1):’ 111’  ‘I’1{.\.ll’:(.’”l’ol  {}”

torll[llarl(!. wltcrc tl~c roljot t r a j e c t o r y  d a t a  \vas gm(~r’at(d  (!ithcl b \ ’  t(>]~h)])ol;lt  ion usirlx a  IIarl(l  coil -

Iloil(!r or I)L’ iL c~)r[~~lilt,~.~r  ;L(klor]la[ic;lllr  (or ii (ii’>i:+l}att’(1  t;ir:+(’1  fra]ll~’, !() l’((,liliii,’ ,\lllt)Ill  Jt, iC I.1’i\jl’Ltol}”. .

gcrlc ration,  sever  {al fl,xcd t<argct fr<alncs  (dcstina,  tiorl /tag poinls)  relative to t,]Ie 0]{[,” tvcrc  pre-drfincd

Prld d i sp l ayed  (see  l“ig. 6).  lJ’hcIL  t,!lc O1tU  pose was d e t e r m i n e d  throug,h  lhc ‘v:}{  caii’oratiorl  (Steps 1

.4a J111 ?), Lllc posf’h of these targrt franles tvcrc also detcrmirled iLutomaticallj. lrl tile tcltmperaticln m o d e .

these target fra,rllcs were nlerely used as a visual aid to the operator  in ~,.~(~[le[~tillp, a robot  t r a j ec to ry

fvith  a hand controller. In the c.olll~~~lter-gel~erated t rajectory mode, the operator  just  cicsignatcd a

ta.rgctfrarne,  and then the corllJJuter  gel~crated  a straight line  trajectc)ryfrorIl  tile current robot pose to

the  des ignated f rame.  ‘~’he  teleoperation  moc]eu singa  haIld  controller  was ]lelpfLll  for fine alignn~cILt  to

conlpel~satefor any  errors caused byimpcrfect modelilig aIld gravityc ol[)])cr)satior[,  ~vhile t he  computer-

:Pllcrated t r a j e c t o r y  Illo(lc \va,s ~erv hc]l)fu] for global robot  Incltion  under  a fl~]asi-static  telerobotic t a s k

environment.

“7 Conclusion

JVedevelopecl  avirtua.1 reality (~]~) ca l ib ra t i on  techllique for matchill: ;L,$laphical]y  s imu la t ed  v i r -

tual environ [nent  with actual camera views of a remote site task cllvironrilcrlt. ‘J’his tcchniqlle enabled

high  fidelity preview/ preclictive displays with calibrated gra])hics overlay on live video, providing an

effective Vll interface for telcrobotic  servicing. ‘Jhis  newly dc~’eloped  teclll~ic]ue ~vas succes s fu l l y  uti-

lized in the recent ,Jl)I, /N.4SA-[;odda.rd  ORU  changcout remote servicins  clclnonstration,  sho~vin:  t h e

practical utility of high-fidelity preview/Preclictivc displays c(}mbined  with colnpliance control, Cur-

rent ly,  an insertioll of the V]{, cal ibrat ion techniqlle into a conlmercia]  graphics  softtvare product  is

on-goin:  through a N:\ SA-Industry  Joint Technology Cooperation g’ask. l’llt.urc~~l:~rllled work includes

sel[li-;iutomatcd V]{ calibratiorl  using  model-based image processing.
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[

x v~lo

Oooox
where the unknown camera parameters

C23, C24, c31/f, %/f, C33/f,  C34/~)7’.  SiIICC

() o 0 111 Uy U.Z ?1 1 x: o, (1!3)

Y~ ] VT ?)~ ‘1.’: 1’ j

a r e  r e p r e s e n t e d  b:; a vector x = (CII. C12>C133C,4,C  2,. C22,

each object point ~Lncl the cc)lrcsponding image point yields

the above two equations, N object points and their images j’;eneratc  2i\ linear equations with the di-

m e n s i o n  o f  m a t r i x  A bccorrlj]~g a 21\T x 12 matr ix.  si)~cc! the ecluations aTe  ]Iomogenc!ous  (h =- 0),  on]y

1] equations can be independent (the rank of matrix A is 11 ) to have a IIoli-i,rivial  so]ution other than

x =. (), A simlJl~ a p p r o a c h  t o  obtaillillg the IloI1-trivial  null-space  vect,o  I solution  is to  set  one of  the

variables c34/f =- - 1 and the]l solve for 11 remaining variables. Namelj, (19)  can be easily r e a r r a n g e d

as Ily =.- c ,  whe re  y  cons i s t s  o f  t he  f i r s t  11 elclnents of x uit}i a constallt  sc:i]c factor k. If A’ = .5~,

the Sc]]ution  for’ y c:Ln ~Je clctcrmincd by the’  w e l l - k n o w n  ~aussian  e]i IIli Il~tiOIl method.  I f  iv > 6, thC!

s y s t e m  b e c o m e s  ovcrdeter  Ini Iled and t}le ]east-squares solution can be obtai IIcd by’

y  = (Bql)--’Ilc’c. (20)

In the actual numerical computation, the normal equations lJ7’1.iy =- IJY’C are directly solved  by Gaus-

s i a n  clilninatio~~  or  by t he  Cholesky method  (I, awson  & II,tnsen, 1 971)  without  ever computing the

inverse of }.17’11  for computational efficiency.  ()]icc  the null -sl)ace  vector solution is obtail~cd, the unity

magnitude constraints of the rotation ]natrix can be used to obtail~  tl~e calnera paralnet, ers. ‘J’he pol ZLrity

of the scale factor k can be rcso]vecl  based on the fact that all the ol~ject  ]joints entered by the oprrator
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APPENDIX B. Nonlinear Least-Squares Camera Calibration

‘J1l~cabo~’e  linear ltlethod uscsol~ly 2Nli1~ear  ecl[li~tiol~s  obtail~ed  f[ol~~h-cJbjcctl>oil~ts  alid  t he i r  cor-

responclin: inlages without considering 6 additional lionlinear cquatioris iln]josed  by the orthonorrnality

cons t r a in t  o f  t he  ro t a t i on  matrix (Nloffitt .! hfikhail. 1980; IIorn, 19S6). ‘J’hc nonlinear algorithm is

necessary to take into account this constraint. It is simpler in the llolllinrar algorithm to usc  3 rcJta-

tional angles  (roll, pitch, yaw) in stead of the 9 elements of Ihe rotatioll lllatl ix. From (Ii’) allcl (18),

~ve c an  obse rve  t ha t  e ach  ob j ec t  po in t  (z, y, z) and its corres~}oncli  [[g ima~~~ ‘b- l)olIl~ (u, l’) yields t h e  t~vc)

e q u a t i o n s :

f’+;  =0,,
G’=. u.}. j?’ = (),

x

where

17

(’21)

(22)

(23)

(2.5)



Xr+] =- xi -. (J(xL)7’J(x,t))  -’IJx  L)7’~’(x,,). (26)
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jS l~~:lted  at tllc

fl’o[lt of the lens.

Jig, .[. ~a]it)rated  ovcr]a,ys  of thero~o~  arnl grap)lics ~noc]e] 111 i,}le]iye ~,j(]~.~ ])ictllrc  a,ftcr  thecalncra

calibratiosl at four dif~erellt  robot  arm poses.

I$ig. 5. calibrated overlays of both robot arm and ORU  grap]iics rnodcls C,[I live video images after the

camera calibration alLd object localization using four camera Jiews. (a) sidI Vic}v, (b) oblique vielv,  (c)

ovcr}lead  wide-ang]c view, and (d) overhead zooI-r-in  vie~v.

1ig6SILa1)s]L~)ts0fIJr~~fie~v/ljre(lictiye  (lisP]aYsdurill~)theJ]’],/C{S  I’~~OI~U c]lallgeollt clelrlolLstration.

(a) t\pproach the arm t.o 01{[1. (b) l)ull  out  ORU.

l’ig. 7. GralJhical o p e r a t o r  IILterface  cluring  the task executicjn.
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