WO 01/ 22365 PCT/JP99/ 05117 DESCRI PTI ON Met hod for Measuring CGeonetric
Properties of Patterns Displayed on A Curved Surface 5 Field of The 7{
I nvention This invention relates in general to 3-D machine vision nethods
for determwoom2ése | ocati ons of points on the surface OPCEIPIYOSIEXCt from
as few as one digital inmage 10 generated by as few as a single 2-D sensor
such as a canera. This invention is intended to be used in the adjustnent

of picture geonetry for cathode-ray tube (CRT). Background of The

i nvention 15 In CRT geonetry adj ust pESCRIPGION ri cal patterns are
di spl ayed on the CRT. Then, geonetrical dinmensions are neasured fromthese

patterns. The display characteristics of- the CRT is adjusted based on the

di ff h t d et of d nsi ons.
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that the C@-#&;@ﬁ}ecﬁw l&sbﬁr{ré%l% dirmy on a palette where its pps)e

I's conpl etely Khovn, nmeasur e e reI ative displacenents of.pattern
features svith respect to, the. bezel.- The fornmer requires a high precision
pl acenent nmechani sm 25 which is costly, while the latter requires the CRT
_screen to bEielgof FhenZnvenkiPr nat hemati cs can be used to correct for
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methods for determining the locations of points on the
surface of an object from as few as one digital image

10 generated by as few as a single 2-D sensor such as a camera.
This invention is intended to be used in the adjustment of

picture geometry for cathode-ray tube (CRT).

Background of The Invention

15 In CRT geometry' adjustment, geometrical patterns " are
| displayed on the c.:RT.. Then, .geometrical dimensions are
measured - from these patterns. The display characteristics of
the CRT is adjusted based on the differences between these
measurements and a set of desired dimensions. Conventional

20 methods of automated CRT adjustment have either assumed that
the CRT under analysis is placed firmly on a palette where
its pose 1is completely known, or measured the relative
dlsplacements of pattern features w1th respect to the bezel.'
The former requ:l.res a h:.gh prec1s1on placement mecham.sm .'

25 which is costly, while the latter requires the CRT screen to
be flat so that simple mathematics can be used to correct for
placement error. Related methods can be found in.the U.S. Pat.

Nos. 5,510,833 (Webb et al.) and 5,216,504 (Webb et al.).



WO 01/ 22365 PCT/JP99/05117 2 In order to neasure the geonetrical
properties of patterns on a curved CRT surface, 3-D coordi nates neasuring

techni ques _are required. 3-D nachine vision systens utili quer of 5
range fi ndiWB“f’é’é%ni gques to | ocate points,on the surface ﬁ"‘g% | 'ect .

Typi cal ly, these techniques use active |i 5ht- stripe triangul ation,
time-of-flight or stereovision. The drawbacks of these techniques include
the requirement of a projection of structured |light onto the scene, an
expensive 10 | aser source or the matching of features between two inages.

The matchi ng Gf dradiuteSnBabuee tidYediBieich? pkosbitfep Yl phEibind! g1 oM
Rel ated nmet hods are disclosed I n tér,:% U S ‘I—"’at.i> Afefl 1 ? ?’ rgmers et
al.); 4,099, 80cxesd) CRNdsud£86é, 831n( CoobltdinhatedSmeasarihgl eeehhiques
strategy, the perspective information of a canera inage can be used to
deduce the p@ke geaiized. oBiBcmaching foifiqrecinsteps Otddizgeaopjmberpofe is
determ ne%, the s .fn%(:e e uaLi on of %hiﬁ obj ect. can be cal cul ated and_t he
20 coor di Rat et'aé’ﬂea%} B0 FECRBYENES 0ROt HPSALE PALRER 01 pERe GBREFRFHRE The
addi tional r eyl sBFESL. [ aypishlys Udhede MELORKLded Nake! NicritAP 1 ghnt e
obj ect nmust be known in qg, vancg¥'25 The techni q%e of pgse (f&iterm n ?I on
usi ng perspeattinipe i tf tamptliations dtimé-asHarliyghitheod. Sstdiviovidond, HRe 539
(McCee et al 3 In this nmethod, certain dinensions of the
S rawbacks of these techniques include the requirement of a
projection of structured light onto the scene, an expensive
10 laser source or the matching of features between two images.
The matching of features between two images is itself a
difficult problem. Related methods are disclosed in the U.S.
Pat. Nos. 4,412,121 (Kremers et al.); 4,099,880 (Kano) and
3,961,851 (Gerharz).
15
In a different strategy, the perspective information of a
camera image can be used to deduce the pose of a 3-D object
of known geometry. Once the object pose is determined, the
surface equation of this object can be calculated and the
20 coordinate of any feature point on this surface can be
determined. The additional requirement for using such a
method is that the shape of the object must be known in

advance.

25 The technigque of pose determination using perspective
information is disclosed in the U.S. Pat. No. 4,942,539
(McGee et al.). In this method, certain dimensions of the
object must be known in advance. These dimensions are defined

by a set of at least three non-collinear points on the object.



obj ect nmust be known in advance. These di nensions are defined by a set of
at |l east three non-collinear points on the object. WO 01! 22365 .

PCT/ JP991 05117 3 These points will be referred to as tg’ troI poi nt s.
However, WOSVABE? oach used in this pr| o% art is conput ?’F Wi nt ensi ve
for a Iarge set of control points. his nmethod, there is an extra stage
of geonetrical error 5 mnimzation before the cal cul ati on of pose
parameters. in addition, the number of terms in the error functjon used in
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the 3-D co fea re points on a curved surtace from as w as a
single di Qé&n{:ﬂuﬂamaﬁagﬁfleiﬁécblmé Forf @Vlarge seBUbE dobxpelsgsimwLh as a
canera. The solution to this problemrequires the pose of the surface to
be determ rmml this iethpdi othere is) & e¢xtra Erage of geomegboicak Lwerwdn o

M CGee et al.), the nethod of findin ose an object i.s via a sear ch
to arrive d!lfﬁéﬂr@f:#f’e b@Sﬂ§?sF@ﬁcfg§J‘F“ﬂﬁ§€88nP 0lPR§ RAXAMGGESar IN e
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t he conmparison o i stances every pairs o e control 20 points. This
|l eads to aﬂi@dﬁihiﬁlﬁﬁmineXpiwéﬁs t hacpoabes qﬁadretmalrythﬁztnr e
function. As a result, the conputational effort increases quadratically
with the numsmberopfcopntrnl pedintss onpthe) abjetr e of The I nvention

10 The problem to be solved is to determine the 3-D coordinates
of feature points on a cuived surface from as few as a single
digital image generated by as few as a single 2-D sensor such
as a camera. The solution to this problem requires the pose
of the surface to be determined. In the prior art (U.S. Pat.

15 No. 4,942,539, issued to McGee et al.), the method of finding
the pose of an object is via a search to arrive at geometric
consistency of the control points. However, the resultant
error function involves in the minimization process requires
the comparison of distances for every pairs of the control

20 points. This leads to a quadratic complexity of the number of
terms in the error function. As a result, the computational

effort increases quadratically with the number of control

points.

25 Disclosure of The Invention
Instead of minimizing the errors in the geometrical distances
among the control points, the search for the optimal pose can
" be found by minimizing the fitting errors between the set of

control points with the set of 3-D lines where these control



Instead of mnimzing the errors in the geonetrical distances anong the
control points, the search for the optinal pose can be found by m nim zing
t he fittingwerrors bet ween the set of control points with the set of 3-D
li nes wher eVPH¥2B%ontrol WD 01122365 PCT/JP99I 06117 4 pdiTHEMYSU hown to
liFe on. These 3-D lines are.referred to %s the pr.oj ection |ines whose
exact definition will be presented in Preferred Enbodi ments. It is
adequate here to point_out that_the gro]ﬁction | ine can be calculated from

the 5 | ocati BRIBFE35G; KROVR tRelifag @5¢ c3-Bf LERSH raxe pheigred,
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transformati gﬁteﬁéﬁﬁéd WhAI @riefferredi @mBabiAeRFE] I Yt Ofist hRieRRleOlhdi@ N i S
mai nt ai ned 10 t hroughout the search. The optinmal rigid transformation,

consi sts of poiptavubrthatl the papjeation, line swar deccadoubatedafrdmnethe
fitting errors befween_the control points and the projection |ines are

m nini zed? ARCERFICReRE RoRPURG: FBnEhe iWRIR: OFNE sSekhPEyEEMEXP] HRaints
approach and Eegg i méa‘ 15 Xl (]I p Iy
cal cul ati on. a# e nﬁngeggso corrpultjnatt?lo%n?s( e%_gg%% ﬁﬁ?{s} %éﬁ%d%‘?\’ﬁﬁ %sl
linearly witHisbencesinbimingf el rfie Phed¥ch i F40! 8. ofttinfa 1Bt A righ EDT €
efficient than the prior art. 20 That is, the present invention is a nethod
(hereafter cafrrieddoud aitn" Mhehotigid ftyansformationl |spatet ewhenendghehe
position and ori entlat I on _of, an ol%i e%l in 3-D sgace from as ) ]
origina geometry o e contro points 1is maintained
10 throughout the search. The optimal rigid transformation,
consists of a rotation and a translation, is searched such
that the fitting errors between. the control points and the
projection lines are minimized. An efficient computational
solution is achieved by this approach and there is no need of
15 an extra stage of pose parameters calculation. The number of
computation steps in this method increases linearly with the
number of control points involved. This method is more

efficient than the prior art.

20 That is, the present invention is a method (hereafter
referred to as "Method 1") for automatically determining the
position and orientation of én object in 3-D space from as
few as one digital image generated by as few as one 2-D
sensor, the method comprising the steps of:

25 generating sensor calibration data relating the position
and orientation of the 2-D sensor to the 3-D space;

generating reference data relating to at 1least three

non-collinear control points of a reference model;



few as one digital inmge generated by as few as one 2-D sensor, the nethod
conprising the steps of: 25 generating sensor calibration data relating the

position an? rjientation of the 2-D sensor to the 3-D ’ nerating
ref erence™dd ﬁgfgel ating to at |east thrge non-collinear con%r'gsflgﬁoi nts of a
ref erence nodel ; WO 01122365 PCT/JP99/05117 5 generating the as few as one
digital image containing the at |east three non-collinear control points

of the object.; locatin ach_of _the control,paints . he f, S one
Sdigital i rrage,geﬂﬁﬂ%iﬁlﬁg&é‘? P2 EBW RP OG0 A2 ell'"&éeD "'Ioﬁﬁ:gg‘gggaa :
function ofpthe,l 0calds@nStRted NG dU¥012linBRE Ncortté1t hBoiR€HSYE Céhebration
data, each o t%e 't nes passing through its respective control point on

t he obj ect pbgedt}0 determ ning the pose of the object by mnimzing the
fitting errors of the control points of the reference nodel to the 3-D.
lines. The presdaeatingpachnofstheseontrel.nodnts annkheRP A8 85f PBE 15

referreg tg.as, "Method 2") for determining the |ocations of feature points
on a surfadddsta n”B"b?ee'ct in 3-D space fromas few as one digital inmge

generated by ascbgMi@fhd Nt 21PastCiiitee Mth-PRrE2UeLONRDI S fi@st hes sheps of :
generating sensor calibration data relating the position 20 and
ori entati ofunbtite 2fD tlmsdpcabiohe D shmceentrol points and the
sensor calibration data, each of the lines passing through
its respective control point on the object; and
10 determining the pose of the object by minimizing the
fitting errors of the control points of the reference model

to the 3-D lines.

The present invention is also directed to a method (hereafter
1§ referred to as "Method 2") for determining the locations of
.feature points on a surfac_é of an object in 3-D space from as
few as one digital image generated by as few as one 2-D
sensor, the method comprising the steps of:
generating sensor calibration data relating the position
20 and orientation of the 2-D sensor to the 3-D space;
generating reference data relating to at least three
non-collinear control points of a reference model;
generating the as few as one digital image containing
the at least three non-collinear control points of the
25 objecf.;
locating each of the control points in the as few as one
digital image;
computing at least three non-parallel 3-D lines as a

function of the locations of the contrel points and the



generating reference data relating to at |east three non-collinear control
poi nts of a.reference nodel; generating the as few as one digital inmage

cont ai ni ng bfa | east three non-collinear control poi n%z:g%%#or;? 25
i W1

obj ect ; | ocy Sch of the control points in the as few gital
| mage; conputing at |east three non-parallel 3-Dlines as a function of
the | ocations of the control points and the WO 01/22365 PCT/JP99/05117 6

sensor calibration da each of the linegs passingithrough jts respective
control poi nECBROTnESGPPERLLoncBRFR neRGh: AL oS Cids RSyt cugh

mnimzing theg Foibddi v 'HntrBhl HOEnE oL 4y .0f the reference nodel
5to the 3- Dlil Fnes;édeterm' ni ng thg gﬁuaﬁoﬁ{% ?rylltgﬁg'surface of the object;
| ocating feature getetmining heh@spbgw aT oftee dobijéet bymagigiindeTpygt itie 3- D
lines as a function of the locations of 10 the feature points and the

sensor cal i bEALFSRG da¥Eereseh bihe eortrohcrointsssiof the creference geuisdt i ve

feature ppint _op t bj ect; and determ ning the |ocations of the feature
poi nts byg)th ° ?lﬂ?gf'sne(c)'t]{ncﬁ?s of their respective 3-D lines and the surface

]-:Lgl lOL Wts be obj ect . gé¥d\efi iHYC ¢hBEBYRaLioh No P R BurleQ¥ENbE Cné  dbftt ;
locating feature points in the as few as one digital
image;
computing 3-D lines as a function of the locations of
10 the feature points and the sensor calibration data, each of
the lines passing through its respective feature point on the
object; and
determining the locations of the feature points by the

intersections of their respective 3-D lines and the surface

15 of the object.

Other embodiments of the present invention are as follows:

i) In Method 1 or 2, the object is a rigid body.
20 ii) In Method 1 or 2, the 2-D sensor is a camera.
iii) In Method 1 or 2, said step of pose determination
involves minimizing the sum of the squared distances from

the control points of the reference model to the 3-D lines.

iv) In Method 2, said step of equation determination makes

use of the pose information of the object.



i)In Method 1 or 2, the object is a rigid body. 20 ii) In Method 1 or 2,
the 2-D sensor is a canera. iii) In Method 1 or 2, said step of pose
determ nation involves mnimzing the sumof the squared di stances from
the cont r¥PoOpdM3sE s of the reference nodel to the 3-D | i REGIPIRIT ) |

Met hod 2, said step of equation deternifation nmakes use of the pose

I nformati on of the object. WD 01/22365 PCT/3P99105117 7 Brief Description
of The Drawi ngs Figure 1 shows a schematic diagram of the systemused in
the currelriefybeascoiption of ThesREAWiRGR al gorithm fl owchart of the .
current 5 _i,nvention, Figure .3 is.a dj.agramo control - point,. p,..,and its
rel ated prd9eCE dnShPKE ﬁsﬂ?%ﬁ’m"’}?‘i/%s’ﬁglrﬁi ﬂé ﬁ\% ﬁ%ﬁ‘?ﬁé‘}r&%e@; ”ﬁtqhﬁ sed in
the net hod.cu Qebteifbigdidibodi ments for Carrying out The Invention An
object to be measured is. placed in front of the set of' canmeras. An inmage
i s taken fpggugech2casksws ke calgopithmoiflicechartheopbjdind arermbmitect ed
in the images to generate the projection |ines. Then, the optinmal pose is
det er m fed inyensiont a set of control points with ideal geonetrical

di stances _gnon hem t hrouah this sef _of Lin To,_det er m.ne
coor di nat e€ lgprfghé F‘ga?u?éagﬁﬁtosf_s @et‘%&%é'& ORS?'RE' i?r’agéensc{ rI"Jt‘%e rt%%c‘f]egct i on
lines rel atgdjb8tigRSC1iRE8! UnBeP®L Nt $nal Pisualising the mathematics

utilised in the method.

10 Preferred Embodiments for Carrying out The Invention
An object to be measured is placed in front of the set of
cameras. An image is taken from each camera. The control
points on the object are detected in the images to generate
the projection lines. Then, the optimal pose is determined to

15 fit a set of control points with ideal geometrical distances
among them through this set of 1lines. To determine the
coordinates of the feature points detected on the images, the
projection lines related to these feature points are
calculated. The intersections between these projection lines

20 and the surface of the object give the coordinates of these

feature points.

The current invention applies to a system of a single camera
or multiple cameras. In the following description, by
25 referring to a set of cameras, we also mean to include a

system of a single camera.

Referring to Figure 1, a set of cameras 10 are positioned to

view at different portions of an object 14. Object 14 is



cal cul ated. The intersections between these projection lines 20 and the
surface of the ‘object give the coordinates of these feature points. The
current invention applies to a systemof a single canera or multiple
caneras. | rwolE2EB68 | owi ng description, by 25 referring td®CI/IBe/OSHI?
caneras, we also nmean to include a syste® of a single canera. Referring to
Figure 1, a set of caneras 10 are positioned to view at different portions
of an object 14. Cbject 14 is WO 01/22365 PCT/JP99/05117 8 neant to be a
CRT, but the meamtentomidehod &RE appti eshe geurrent y methedy allstwer appjltes.

| mmges of CRT 14 are captured by canmeras 10 and processed by a conputer

11. The patt Faneradilyptqy @y oAthRy abiegle pinpaase @IH¢RT ¢ 3rgnsrrfuredat or

13 5 which i,s, under thedn uclti f,computer 11. In,cangra calibration,
orocess 20 i ¥ pteras 10, d ‘G4 eta SUTH Bhmbdeon. ' £ FRE  BRRERERS )
cameras are Gfilgglagk@dont ERPP12I Aréhgiddveda Wy & Bv HBYRal’ Gefethfsr 13
paraneters using 10 the DLT (Direct Linear Transformation) nethod, where
all canesas wiriehcdbi tndérdthe Insiomotrionoolfdcomputtemale system A

reference to the DLT nethod is given in: Y.I|.Abdel-Aziz and H M Kar ar a,
"Direct linear 15 transformation from conparator coordinates into object

space coordi nat Ln_cl : ph ry", Pro Synposi,u n, C ose
Range Phot og;}'g!m're re;!/.,a ﬁrgggﬁggggﬁxf |ﬁ%‘|9(gé pp- i-}l/%,F?J%'ﬁ fards 19sct 18"
replaced by a calibration chart. All cameras are calibrated
to obtain their 2-D-to-3-D image projection parameters using
10 the DLT (Direct Linear -Transformation') -method, where all

cameras are calibrated to a common world coordinate system. A

reference to the DLT method is given in:

Y.I.Abdel-Aziz and H.M.Karara, “Direct linear

15 transformation from comparator coordinates into object
space coordinates in close-range photogrammetry”, Proc.

Symposium on Close Range Photogrammetry, Urbana,

Illinois, pp.1-18, January 1971.

20 The DLT camera model is expressed as follow:

Apx +Ay +Anz+A,
Ayx +A33y +Ay5z +1 ( 1 )

v_ﬂx +A,y +AnZ +A,, ' 2
T AgX +ALy A,z +1 (2)

25 where (x,y,2) is a world coordinate, and (u,v) is its

projected image point expressed in the image coordinate. The



20 The DLT canera nodel is expressed as follow Allx +Al2y +A33z +Al4 a
(1) A31x +A32y +A33z +1 Aux +A22y +A23z +A24 A31x +A32y +A33z +1 (2) 25
where (x,y,z) is a world coordinate, and (u,v) is its projected inmage
poi nt exPWeoL2RI65 n t he i nage coordi nate. The WO 91/ 2236BCHEFPPANYD/ 05117 9
calibration process is a process of est?mating the values for the el even
paraneters All, Al12, Al13, .. , A33. Note that given an imge point (u,v),
it is possible to 5 determine the line that passes through the canmera's
focal poi maldibtathenopyecessdisna pxogess offids:imagdngsthefwluas tfor as t he
projection |line_, An exanpl e of ?:Ch aline is 12 which passes through the
cor ner A'oftb@oFéEYeﬂélPa’gﬁ‘Fcté”{sn @L?lz'eéuatfon ¥1) and (2) hold true for
both the imge point and 10 the object point, the projection line can
be' cal cul ated from these two equations as will be described in the next
par agr aph. Ngteenckdt i §8gén painntidge/) poidte pupypet iitn is nposeibbe aof ew 15
steps of al gebraic manipul ations fromequations (1) and (2), has the
fol | owi Ay setewrminec ther ine (thals PassRF akbrewdh  thepcawmexra(s) fomalt +Qy
(4) 20z Fp)»’oti-lr-l ’agxg) thg’h gﬂ:?ect point (x,¥,z). This line is referred to

as the projection line. An example of such a line is 12 which

passes through the corner A of object 14. Since the DLT

equations (1) and (2) hold true for both the image point and

10 the object point, the projection line can be calculated from

these two equations as will be described in the next

paragraph.

Given an image point (u,v), the projection line, after a few
15 steps of algebraic manipulations from equations (1) and (2),

has the following parametric form in terms of parameter t,

x=P t+0Q (3)

y=p1t+y0 (4)

20 =P, t + 0 (3)
where

_ (Ap-uAL)VAS, —Ay) (WA, ~ Ap)(Ay ~VAg)

B T (@A - Au)(VAg — Ay)— (A — Ap)(VAy - Ay)
0. = (A —W)(VAy =Ap) ~(uA; ~Ap XAy = V)

* (vA,, -Ay)(VA; -Ay)-(vA, -ApXVA; -Ay)
P = (Ap —VAL)UA; — Ay~ (VA; —An J(A —UAL)

Y (0A;, - Ay )(VA, —Ap) - (“Asz = Ap)(VA;, —Ay)

= (Ay —V)(uA; — Ay )~ (VA — Ay )(Ay — 1)
(vA;, A ) (VA - Ap)- (“A:'.z =Ap)VA; -Ay)




= (A3 -uA33) (VAg2 -An) - (UuA32 -AlZP XA= - yAr) (UA31 - All)(vA32 - A22) -
(UAM - A12)(VvA31 - A21) Q = (Al4 - u)(yA32 - A22) - (uA32 - Al2 )(A24 -
v) (M, -Al11)(vA32 -A22)-(UA32 - Al2 XvA3l - An) (A23 - yA33 &uASl -ALL) -
(yA31l - A2WQOW865 yA ) Py (uA3l - All)(VA32 - Am) - (uABSTHPRASMT,\ A3] -
A21) Q= (A 24 -y)(UA31 -A1l)-(yA31 -A239(A14 -u) y 25 (uA3l - All)(vA32
- A22) - (uA32 - Al12)(vA3l - A21) WD 01/22365 PCT/JP99/05117 10 Ps=1 B =
O I n object pose determ nation, an object is placed in front of 5 the set
of canmeras 10. THR.s=obj ect-nust possess at |least three control points, al
of which nust be non-collinear, where the geonetrical relationships anong
t hem have been rf&aSuPed (in process 28 of Figure 2). An exanple of control
points are the corner points of object 14 (A B, Cand D) . 10 These points
are chosen because they can be physically neasured and reliably detected

i n the i mgernAsbiedgodle detpemind¥ion, takabjectmisapbacedreim fifbntTios

| mage points corresponding to the control points are detected fromthese

i mges. |13 dbhe met mii tcamerasn i cFhignmbyjesti MRRL t Pe3tess Sagokeast

pOLILS 212\ Pilch RESTpRIRLECt 1 |4 Shnieh RRRRUR S ortsial v
where the geometrical relationships among them have been
measured (in process 28 of Figure 2). An example of control
points are the corner points of object 14 (A, B, C and D).

10 These points are chosen because they can be physically
measured and reliably detected in the image. An image of
object 14 is taken from each camera 10. The image points
corresponding to the control points are detected from these

images. It does not matter from which camera‘’s image these

15 control points are found.

Once the projection 1lines are calculated, an iterative
process, 30 in Figure 2, is invoked to find the optimal pose.
The optimal pose is defined as the pose of a reference model
20 (i.e. a model of the object under observation with an ideal
dimension) where the distances of its control points to the
projection lines are minimized. The error function to be
minimized is the sum of the squared distances from the model
control points to their corresponding projection lines. This
25 solution is called the least-squares solution. The iteration
terminates when the pose improvement of the feature points in

an iterating cycle falls below a certain precision threshold.



The optimal pose is defined as the pose of a reference nodel 20 (i.e. a
nodel of the object under observation with an ideal dinmension) where the
di stances of its control points to the projection lines are mnimzed. The
error funWOiOYR36% be minimzed is the sumof the squar BgTAPRO%HAtes from
the nodel control points to their corfdbsponding projection lines. This 25
solution is called the | east-squares solution. The iteration term nates
when the pose inprovenent of the feature points in an iterating cycle
falls bel olv poser 1c@inn her kepriesentide biolad maghegaticadsdeseriptigrsiof 11 A
pose can be_represented by a.npthemgtical desqgription_of bhe reference
nmodel and HRi girﬁ’%FFﬁﬁ‘é?orﬂﬁ?%n. aﬁe et i%dﬁanééeEF‘P 1?¥n oﬁ"?he

ref erence [ 1S: SHeCJdl i o CRORS t:he pose
of the obj HRCfiend i gbéglecﬁgfil‘gﬂ%?hgﬁ?igid e Sibdel, 18° SPKOSEIEH POSC
rotation, Phi ah pose afhoseanicidsey to 3ttt nexpectdd pomk aof t thasbhfjeets, whi ch
is represented by a 3-vector T. The object in the resultant pose is

obt ai ne¥l byndex t opserviation Ther Fiigide tramsinematien e consise| ofy 2he

rotation R and fhen 0 adding themw.th the translation |._The rotation is
a non-1i neBPtRYLAM oWﬁh‘t"? ortSi g‘?ﬂa‘?‘ﬁ?ﬁ“&?gt Ry ?o? i AU B @2 B, o)

To get apphpsfad Q] WRhibhi 28, reprtisenitednBy 04 "ILV&itdsS 1.1 M8 bE§EOY
restricting to small = 15 rotation angles as"1 02 -- OR e= 1 ex (b)
in the resultant pose is obtained by multiplying the
coordinates of the reference model by the rotation R and then

10 adding them with the translation I.

The rotation is a non-linear transformation in terms of the

rotation angles, (O,, 6,, 0,). To get a close-form solution,

this transformation is linearized by restricting to small

15 rotation angles as

1 o, -8,
R = —ez 1 ex (6)
] -0 1

The error involves in the linear approximation increases with
20 the size of the rotation angle. Due to this small rotation
assumption, the pose of the reference model has to be close

to the optimal solution.

The approach to obtain the optimal pose is by finding the
25 (R,T) which transforms the control points of the reference
model from an initial pose to a final pose where the error

function is minimized. Due to the rotational approximation,



ny - 0s 1 The error involves in the |inear approximation increases with 20
the size of .the rotation angle. Due to this small rotation assunption, the

pose of the reference nodel has to be close to the optiml J%uti n. The
appr oach t V8BVE3# t he optimal pose is by,§inding the ZgII’Fﬁ7 M ch
transforns the control points of the refeI’ence nodel froman initial pose
to a final pose where the error function is mnimzed. Due to the

rotational approxi.mation, :1 MWD 01122365 _PCT/JP99/05117 . 12 the final pose
may not exact'ﬁﬂf’ ?e‘“?hePSBFiW &xaptly,pgi fhe LRt iRA) ROSe Tnobbathe -
opti mal pose,, aQ 8 oftf th&ned S teLq L ORw.b e EXECYHE £
where the fi r?al po%? of tﬁfgﬂprtgv?gl?s%g$§rl§9b§8g§éssﬁgﬂlé%i?I’%?epégewég t he
current 5 cycibdveAposke deteeminisicn omremt@dosm@rbombef@a&nn?bse%g,
the amount of rotation and the approximtion error involved wll also
reduce accor dibgylBreviauseiqyicde thecomesorthen jniddaldqpaseri ofit the cunreet

d df I I til tisfact I | of '
eached. 0 FHELE F FHEOPURT 99PeCSIReETCRBLoTIORRE T (e PREPSY BORE be

estimated by fie MGRMRIBE FkibAY afS kHRC S roﬁaﬁatgaﬁt éeiro]gp%%%b&ga
cycle. Practically, an average travelling distance o ess than a tenth of
the requiredwdddurai®e isedumesiatwroadikyglynsimhereifors) . theussrriceid hgose
average travel ling_di stance
determination can be reduced from cycle to cycle until a
satisfactory level of accuracy is reached.
10
The error involved in each cycle of pose determination can be
estimated by the average travelling distance of each control
point in a cycle. Practically, an average travelling distance
of less than a tenth of the required accuracy is considered
15 insignificant. Thus, once the average travelling distance

reaches below this level, the iterating cycle is terminated.

The equations involved in a cycle of pose determination are
presented below. Referring to Figure 3, the error term for
20 each control point, P;(Pi»s Piys Pi.)r defined as the distance
from the transformed control point, p;’, to its correspondent

projection line, is evaluated as

di=IIpi'-QiIIsj'nBi (7)

where g,(dis, dis 9;.) is any point on the projection line
(one example is the point (Q,,0,,0,), obtained by setting t=0
in equations (3), (4) and (5)); and B, is the angle between

the line (p;’ - g;) and the vector, n;(n,., n;,, n;.), defined



reaches below this level, the iterating cycle is termnated. The equations
involved in a cycle of pose deternmination are presented below Referring
to Figure 3, the error termfor 20 each control point, .pi (p, pip, pi,),
defi ned awoOtm@238% st ance fromthe transformed control p&CRIPIPINT to its
correspondent projection line, is evalBated as di =1 | pi' - sli | f sin
Pi (7) 25 where $i(gix, qgi,, gig) is any point on the projection line
(one exanple is the point (QX Qy, ), obtained by setting t=0 in equations
(3), (4) argk (®)unit adiré¢ctionalheverigire godntdag aloag ithe (Yingentpof and -
t he vector, ni (nix, ni,,, n_i‘%% , defined V\0011223?)5 PCTiJ‘gim/O 117 13 as
a unit dircehe opxrigetion pbiift i dFhdfon¥esIRF t HAentPSof C2LH ?ﬁecﬂSe ¥ on

line (this vectaqgr.. ¢ b al d . o] | 1Syl t "(R%.P7, P,)
whose par afi®t 15}@8 ogpgi ne c?:%gm Béﬁ'g’i'g S (v?)lé% 4;1%1%5 (%r)s. V{Fl{ten in
vector 5 ngialined feém 8QERETSng! (3)5 1(4l) @ndl (5)). Written ihhereytioar
function for k control points is defined as 10 k F = 7d? (9) i1 The linear
mat ri X fsor motfattion,expansecomes equation (8) utilising the approxinmation
(6) and setting di=0, is (the

d,= || (Rey +T - g ) xnyg || (8)
The error function for k control points is defined as -

10

F= Yd (9)

The linear matrix form of the expansion of equation (8)
utilising the approximation (6) and setting d;=0, is (the

1S subscript i has been dropped for simplicity)

W¥po = By | (10)
where
nypy +n.p, -n,p, —-n,p, 0 n, -n,
wp = -n,p, n,p, +0,p, - nzpy —-n, 0 n,
-n,p; - nypz n,p, + nypy ny ~-n, 0
20 Yooso = [ ex ey 6: T, Ty T, ]T

n.(q, —Py)-1,(9. ~P.)
hp = |- nz(qx - px)+ nx(qz - pz)
ny(qx -px)_nx(qy -py)

The equations from the k control points are collected into

the following matrix form,



15 subscript i has been dropped for sinplicity) WP, N = (10) where nypy +
nzpz - nypx.- nzPx 0 n2 -n.' WP = - nxPy nxPx + n:Px - nzPy - nz 0 nx
nXpz - nypx nxPx + nypy ny - nx 0 20 ass = ( ex Oy 8a Tx Ty Tx ] T nz(gy
-py) - ny(9zWOPEPB6§ P _ -nz(gx -Px)+nx(gx -pz) ny (gx - PBCTIPMOSIY - Py )
The equations fromthe k control points ale collected into the follow ng
matrix form WO 01/22365 PCT/JP99/05117 14 Wpose = r[ Wi T . WAZT ".." Wk
] T (11) i2poso = ( by 1T.-h 2T ."". j2pk i T (12) 5 where each sub-matri x
denotes the Wh, matrix generated in (10) by the related control point pi.
The error functiop (9) _ ar}'lbleﬁzwritfq as F = (Woss Mooee - beli) T
(Wpose Moose - pose#ye (1'3§ 3] Pse %oli nverse formula for the4®ast
squares solution gf ewrer g ungtiron (PIhris Ypose = (Who,. Wose);yyl WoseT
bse (14) 15 A reP?r"ence(Pt oﬂl’thg"ﬁoseu s nverse formila can be fg(ulnzc? in:

D.H Ballard and C. M Brown, Conputer Vision, Prentice-

S5 where each sub-matrix denotes the W, matrix generated in
(10) by the related control point p;. The error function (9)

can be rewritten as

F = (Wi ¥Yooe = Ppose)” (Woose ¥pose = Bpose) (13)
10
The pseudo-~inverse formula for the least squares solution of
error function (13) is
Yeose = (Wpose Wpose) " Woose' Dipose (14)
15
A reference to the pseudo-inverse formula can be found in:
D.H.Ballard and C.M.Brown, Computer Vision, Prentice-
Hall, 1Inc., Englewood Cliffs, New Jersey 07632,
20 PP-485-6

Once the pose is found, the surface of object 14 is predicted
using its mathematical surface equation. In process 32 of
Figure 2, the feature points on this surface are detected on
25 the camera images. Their projection lines are generated. The
intersections between the surface and these projection lines
give the coordinates of these feature points. In the
following, a quadratic surface is assumed. Note that, the

assumption of quadratic surface is only for illustrative



Hall, Inc., Englewood Ciffs, New Jersey 07632, 20 pp.485-6 Once the pose
is found, the surface of object 14 is predicted using its nathemati cal

surface I,k | n process 32 of Figure 2, the feat ugenpRbiisy ON this
surface %%?%ct ed on 25 the canera j4mges. Their pr(L)'fectlon I nes are

generated. The intersections between the surface and these projection
lines give the coordinates of these feature points. Inthe followng, a

quadratic surface is.a ) t t e gyadrat i c
surface | SPOHTRSPY 0P| ?Béﬁ‘gt Pglg 3\6}"3?/ 2’% f@ﬁ%%%%n ch’ pur%ose and
shoul d notydidnds %ﬁeérsatléﬁq% ii@N chf B8Yexpretted mathbaseies1lpng as
It can be eXpressed mat hemati Cl ose-formsolutions to

| i ne-to- swimﬂamersséutmnsfm lm-tor-derfmfmsmmbe fenelew+ y

obt ai ned. However, for her 5 order. _.and, nop-1inear surfaces,. jterative

t echni quesoxder sr‘%’cﬁficfeédc B ke generally) gbratned- HawsMSEet £8R MIRYF an

apprOX| tio T e e chn gé%sﬁ; | 0

W H. Pr ’éé]% ngkd(’)l fgéh Ewﬁéﬁet%cng an%i . q%lrla%%gﬁlgﬂﬂluneﬁrc%

Reci pes l r& i Acb qudSCtnat | d01utGonpudbf Ndntersebtion oup Casbramige
Uni versity ress, Canbridge, 1992. 15 The follow ng derives the solution
to cal cul aamaztdiammn-oi‘helmﬁem &e bbeaeetﬁcahnim@ﬂ eanchertgundent s
t he proj ec{rll‘on line of a detected feature point) and a quadratic surface

10 W.H.Press, S.A.Teukolsky, W.T.Vetterling and
B.P.Flannery, Numerical Recipes in C: The Art of
Scientific Computing, 2™ Edition, Cambridge University

Press, Cambridge, 1992.

1S The following derives the solution to calculate the point of
intersection between a line (which represents the projection
line of a detected feature point) and a guadratic surface:
(which represents an object’s surface) to illustrate the

principle of the current method.

The quadratic equation for the curved surface is

2 = A + BX + CY + DX* + EXY + FY’ (15)

The line equations with a tangent vector, n(P,,P,,P,) and a

25 point on the line, g(Q.,9,,Q,) is expressed as

X =Pt +Q (16)
Y =Pt +Q (17)

zZ =Pt +0Q ' (18)



(which represents an object's surface) to illustrate the

principle of the

current nmethod.” 20 The quadratic equation for the curved surface is Z = A +

BX + CY + DX2 + EXY + FYZ (15)

X=Pxt+Q (16) Y =P1t+Q (17) Z =P.t+Q 68) WD 01/22365 PCT/JP"/ 05117

Substitute (16), (17), (18) into (15) for the point of intersection, we

have 0 = (A - Q + BQx + CQF + DQx2 + EQXQ7 + FQ72) + 5 (BP. + CPY - P,

2DPXQx + EPXQY + EQXPY + 2 FPYQ7) t + (DPx2 + EPXPY + FP72) t2 (19) By
DPX2 + EPPY + FP72

taking a =

+ CPY - P. + 2DPXQXx + EPxQY +

The line equations with a tangent vector,
n( Ps, P7, P$)Wal#22365 25 point on the line, U (Q, Qr, Q) iIKTIRMSIHYed as

+

16

10_b = BP
EQ PY + 2Fpydabstituke 3f). 3@374,@5718) DAREOL E kg7 ferp WPk refrite
equation (19), t & = (20) 15 The two solutions for t are t,
{-b + (b2 - ié%%f%%}%f(*tﬁgj ‘("é%a""?z = {-b - (b2 - 4ac)112}/(2a) (22) For
each tf, the poinf ef (hntegsechpon- i@yc.al wxlza.t.egb&?mg-%z) +

5

10

15

(BP, + CP, - P, + 2DP,Q, + EP,Q, + EQ,P, + 2FP,Q )t +
(DR’ + EP.P, + FP)t’ (19)

By taking

a = pp,’ + EP,P, + FP’

b = BP, + CP, - P, + 2DP,Q, + EP,Q, + EQ,P, + 2FP,Q,

c =A-0Q + BQ + CQ, + DO’ + EQQ + FQF
we can rewrite equation (19) as

at? + bt + ¢ = 0 B | (20)

The two solutions for t are

t, = {-b + (b* — 4ac)'?}/(2a) (21)

t, = {-b - (b® - 4ac)'?}/(2a) (22)

For each t;, the point of intersection is calculated using
equations (16), (17) and (18). Then, the point which falls in
the expected range of the surface is selected as the feature

point’s coordinate.

In CRT geometry adjustment, the coordinates of feature points
determined on the CRT surface are used to calculate

geometrical properties such as widths, heights and angles.



20 equations (16), (17) and (18). Then, the point which falls in the
expected range of the surface is selected as the feature point's

coordi nate, geonetry adj ustnent, the coordi nat espefbdiglif € POi nts
25 deter n’?ﬂ@h&aﬁhe CRT surface are usgd to calcul ate Pg%onetr#:al
properties such as w dths, heights and angles. WO 01/22365 PCTIJP99l 05117 *
17 Possible Uilization in Industry of The Invention This invention allows

th f 00i Nt : nmber of
canera s mdessipie WEEHARR 362 sBRnRery ¢ he® dhvBREIOR| 2T "TORL G
transfor migyqy ig(zéﬂ’diéﬁ AlEow Bl Hida¥uebnbhe §PMPedRire pdimts lonnaar

function conpared to the prior art nethod of quadratic conplexity using
geonetry cehagivedesayfaddcfar ianynounberd of cameraxtimages agBhefmerhnsi of
parameters calculation as the search directly finds the osg aranet ers.
WO 01/ 2236Feagching )9y othe 7 opkipab PPPPII@lElFPﬂf'PllEFFE? PRELPT: | 1o
1) A nme_thod for autfonmatjcal.ly.deterp n t Ltlon d ori i on of
an obj et iﬁ‘?dggﬁsspggg f#%%léa\s&lgﬁewgg]sn%% %&(ﬁ% glgltt%f)ﬁi mgge gen%%teﬂd by as
few as one gnt$8AS Eompdied Mebhoghe Opitibei Ngrt hanetheds of: @eadvadiicng
sensor calibration data relating the position and orientation of the 2-D
sensor to tdompleRitpausing geemetringonsistenays Fhexer &8 are eed ofi aneast

three non 10 collinear control points of a reference nodel,
extra stage of pose parameters calculation as ‘the search

directly finds the pose parameters.



generating the as few as one digital inmage containing the at |east three
non-col | i near control points of the object; |locating each of the control
points in the as few as one digital image; 15 conputing at |east three
non- par al | eWORIER3BS nes as a function of tRg | ocations of RERIPEYHLITO|
peints and the sensor calibration data, each of the |inres—passi-ng-through
its respective control point on the object; and determ ning the pose of the

object by minimzing the 20 fitting errgpaspk the controlaum I
reference nodel to the 3-D lines. 2) The rreﬁ%od as in clail m"lﬂ‘mwll mm?
object is arigid body. 25 3) The nmethod as in claim1, wher&in‘tht 2D*

sensor is a canmera. WD 01/22365 | I1LLLIL FLITIL PEEEE VITL 11 11T 19
PCP/ JP99/ 051171) *A aqthads £Z9r TREtAPaRiRRLLY | AeteEninimg vbhe cpasitidnstamd of

From the control RSPREEEAYETRE PATLBAREE" 1B 318" BpabrCesyhfl cev' 3ecpng
nmet hod for gletergigipg1t iiab€Cgbhersted bfahsl ¢eROnBl dne0B-p FTenERTE heaN
object in 3-D spacé fromas few as one | gital image generated by as few
as one 2-D sensomethbd comphigingmpe stepgst ®€: st eps of :
generating sensor calibration data relating the position
and orientation of the 2-D sensor to the 3-D space;
generating reference data relating to at least three non-

10 collinear control points of a reference model;
generating the as few as one digital image coﬁtaining the
at least three non-collinear control points of the object;
locating each of the control points in the as few as one
digital image; _

15 computing at least three non—pérallel 3-D 1lines as a
function of the locations of the control points and the
sensor calibration data, each of the lines p&éging through
its respective control point on the object; and
determining the pose of the object by minimizing the

20 fitting errors of the control points of the reference

model to the 3-D lines.

2) The method as in claim 1, wherein the object is a rigid

body.

3) The method as in claim 1, wherein the 2-D sensor is a

camera.



10 generating sens relating the position and
orientation of the 2-D sensor to the 3-D space; generating reference data

rel ating astu mﬂam m m near control point fmﬁmﬂ erence
nodel ; gé%gra ing th " L"ngﬂ9al I mage conta?ﬁ?ng t g; 15 at

| east three non-col |inear control poi nts of the object; locating each' of
the control points in the as few as one digital inage; conputing at |east
t hree non-pdjalThet Bethdd nes akn acléaimctli.orwhgreaimne saidt istep off t peseont rol
points and the, 20 sensor callbiatlon data,, each of the Lines passin

through its r8&SERAPREICRNPYP YRR nringizing d eec‘fumd‘ét"e?‘ﬂ?n?ﬁﬂafﬁg pose;
of the object fclhBel! 2Bl tHe dontbbipBEARLSof! chle feakbple PRLALE Of

t he reference to the 3-D lines; etermning the equation for th
surface of theaoohhecs8:+pD limedi ng feat ur e points in the as few as one
digital imge; conputing 3-D lines as a function of the |ocations of the
feature doints and the sensor calibration data, each of WO 01/22365 * CL M

o o T ACR A 5 AR Gk IgUaR bhe BEBRRLLNE RSALLS

pOI nt on ermnin oca Ions O re pOI nts
by the i nter%@actal %&&fﬁéet 6ei an' e5pesy i Me B-pDdpaces £fabft bEefed syréase of

the object. 6) The nethod as in claim5, wherein the object is arigid
digital image generated by as few as one 2-D sensor, the
method comprising the steps of:

10 generating sensor calibration data relating:the position.
and orientation of the 2-D sensor to the 3-D épace;
generating reference data reléting to at least three non-
collinear control points of a reference model;
generating the as few as one digitai image containing the

15 at least thrée non-collinear control points of the object;
locating each of the control points in the as few as one
digital image;
computing at least three non-parallel 3-D lines as a
function of the locations of the conﬁrol points and the

20 sensor calibration data, each of the lines passing through
its respective control point on the object;
determining the pose of the object by minimizing the
fitting errors of the control points of the reference
model to the 3-D lines; -

25 determining the eguation for the surface of the object;
locating feature points in the as  few as one digital
image; .
computing 3-D lines as a function of the locations of the

feature points and the sensor calibration data, each of



body. 10 7) The nethod as in claimb5, \/\herel n the 2-D sensor is a canera.
8) The nethod as in cl illmmulm ﬂl‘lu d step of pose deternination
i nvolves mnimzing th es 15 of distances fromthe
control poiwo91/2%368 he reference " nodel” 0 4ghe 3-D lines. FPCTIRWASEThOd as

in claimb5, wherein said step of equatlon determ nati on nakes use of the
pose information of the 20 object.

the lines passing through its respéctive feature point on-
the object; and

determining the locations of the feature points by the
intersections of their respective 3-D 1lines and the

5 surface of the object.

6) The method as in claim 5, wherein the object is a rigid

body.

10 7) The method as in claim 5, wherein the 2-D sensor is a

camera.

8) The method as in claim 5, wherein said step of pose
determination involves minimizing the sum of the squares
15 of distances from the control points of the reference

model to the 3-D lines.

- 9) The method as in claim 5, wherein said step of equation
determination makes use of the pose information of the

20 object.



