17R.",R2[ C4 rd 1 DESCRI PTION Method for Measuring Geomet (i g'R 7(C4
Properties of Patterns Displayed on A Curved Surface 5 Field of The
« | nvention This invention relates in general to 3-D machine vision nethods
for determning the locations of points pn the surface of an object from
one or nore digital inmages 10 captured by one or nore 2-D sensors 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 Invention 15 in CRT
geonetry adjustnment, geonetrical pBESCRIPEI@N di spl ayed on the CRT. Then,
geonetrical dinmensions are nmeasured fromthese patterns. The display
characteristics of the CRT is adjusted based on the differences between

t hese neasuh nts and a set of desired dinensions. Conventional 20
met hods o¥€hAPBnat"®F CRfCA8PEIPAeNCIRARL GG hePrapsutdest hatf tRet€BEnender

analy5|s aced fir alette where its pose is conpletely known,
neasuréﬂ Bh@yF |8P|g‘%u §§I SRS of pattern features with respect to

the b%g The former requires a high precision placenment mechani sm 25
which-s costly, while the latter requires the CRT screen to be flat so

Relatod ot oo canrBo PeaasIPE The LS. Pat. Nos. 5510833 (vebb et al.)
and 5, 216rp0¢ (Mehdn®ioR! -delates in general to 3-D machine vision
methods for determining the locations of points on the
surface of an object from one or more digital images
10 captured by one or more 2-D sensors 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 Inventiocn

15 In CRT geometry adjustment, geometrical patterns are
displayed on the CRT. 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 is completely known, or measured the relative
displacements of pattern features with respect to the bezel.
The former requires a high precision placement mechanism

25 which is costly, while the latter reguires 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.).




17 P. RRCr4 2 In order to neasure the geonetrical properties of JpgtRelifi§ on
a curved CRT surface, 3-D coordinates neasuring techniques are required.

* 3-D machine vision systens utilize a nunber of 5 range finding techniques

to locate points on the surface of an opject. Typically, these techniques
use active light- stripe triangulation, tinme-of-flight or stereovision. The
drawbacks of these techniques include the requirenent of a projection of
structured light onto the scene, an expensive 10 | aser source or the

mat chi ng of features between two i mages. The matching of features between

two i mages._i s_litself ifficult problem | at ed nethods are disclosed in
the U S iplit%#dﬁ%s.t%?%f%uffll%(qﬁ etgl Pf)l?rﬁl?%’é‘é,leéootmﬁ‘é}éaﬁa on
3,961, 851 Lfferent te t he perspective, .

i nf or mat i gg%fkgé&)cgﬁe*?aé&n%%ébag_ e %sséé f%gggﬁywqulg&etﬁ?hﬁlggﬁ

o e oAl AUARaTE! (oon Sikens 0 ORLER cHARELS HREIL I bl e o

surface equationn of this object can be calcu

any feptupgnpei Mirliddi ceski{g66scap Dol eﬁg]éfiﬁlﬁg- oIh]‘j‘th%ggé% JP%.@% of

requi renent for using such a nethod is that the shape o
be known &n adyaote. Pypildel 1erhnittiise oft RO8H RIS At heR 1Yl nﬂight-

perspective information is disclosed in the U'S. Pat. No. 4,942,53
(McGee etstkipe | hrihngudethiod, ctimeiofdifddnditonsrofstbeeoohble6h. Mushebe
known in advance. These dinensions are defined by a set of at |least three
non- col | | ABawbgekst Lbnthaseotjeshiniques 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.); 4,099,8B0 (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 reguirement for using such a

method is that the shape of the object must be known in

advance.

25 The technigue 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.



171 RRCO4 3 These points wll be referred to as the control p0|¢tp$u g
However, the approach used in this prior art is conputationally |nf§n %de
for a Iarge set of control points. |In this nethod, there is an extra stage
of geonetrical error 5 mnimzation beforg the cal cul ation of pose
paranmeters. In addition, the nunber of ternms in the error function used in
t he nininization process increases quadratically with the nunber of

control points onthe Obj ‘I{' OTheﬁeroblcgmto be solved is -to determ ne
the 3-D co Er‘leat BSINGE t¥ild PHoitt &or ves s????ac%’q‘trm aPCHdSas a
single ge ner 1as w,.,as a single 2-D sensor such .as a
caner a. Th Iim(i;n £ %thl gggfd' %Y:e Bgﬁfir esl’f‘he 2 FTIMe s@%¥ace io

Rgcggtgin2|%%Pﬁﬁ%fgﬁﬁﬁiﬁflﬁﬁg Hﬁg fEﬁe pose 5t éﬂ?g%fgggtho uggéngéarch
to arrive gt m@trﬁé&ocpon@héfénig ah @3&&0@{%‘% POF ”ééolnglegﬂii;gg 8r

resul t ant error functlon I nvolves in the mnim I on proces

the conpar Senndlz 4 igransesofer tm@raamahnat%nﬂwfcpegteol a%garp&é% E%‘ S
| eads to a quadratic conplexity of the nunber of e error

function. Agddtriesyl tthé heumbepubat iteials £AfOhe eRoRasAsm A ahkea! '13&
with the nunber of control points. 25 Disclosure of The Invention |Instead

of m ninizithg thénémipasion tprogessetincotaskst aieabrattidd ol herigont kel
points, the search for the optiml pose can be found by mnimzing the
fitting er numbepefesrntireols@oiafits contthet Pujedts. with the set of 3-D lines
where these control
10 The problem to be solved is to determine the 3-D coordinates
of feature points on a curved 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 probiem 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 regquires
the comparison of distances for every pairs of the control
20 points. This leads to a guadratic complexity of the number of
terms in the error function. As a result, the computational

effort increases guadratically 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



17 K,R2k 4 points are known to lie on. These 3-D lines arelrbf&f ¢k o
as the projection |lines whose exact definition will be presented in
Preferred Enbodi nents. It is adequate here to point out that the
projection line can be calculated fromthe 5 location of a point in the

| mage. The set of control points are fi st positioned in the 3-D space
with ideal geonetrical distances anong them The search for' the opti mal
fitting is carried out in the rigid transformation space where the

ori gi nal geohetsyast tkinewronto olipobnt.s Tifed@i DRI NededO sty QOO 4 he,
search. The_ optimal rigid transformation, consists of a rotation and a

transl ati ¥ itheepudiecrtsioh limest hehdset i egactr oder DRI VESA tHE £ontL ol
points and the projection |ines are mnimzed. An efficient conputational

sol uti on iBreseneedd ipy Rieferped oZubodiicharitare It 18 Ngeegeitd5 haReeXts a
stage of pose parameters cal cul ation. The nunber of conputation steps in
this nmet hd@PiNer@akethat nkhe| projeatine limebeanobec aalonll fAcddtSrdmveieed.
Thi s thod is ppre efficient than the prior art. 20 That is, the present
i nvent Pon 43CaE 1R 8l @hdcdartt ekn theedmage-o The "swt hod tontfel points
aut omat i calql%egeterm ni ng.t he . position and orientation of an object in*3-D
space frofft SToPRSUF§PRER ARadd® i FRECBYWHEE ddemdr ayedmt rsiavasor s,
t he met hod,.cqnprising the steps qf: 25 generating sensor calibration data
relating tq?esotﬁrg(;l}scf?ﬁ o%moﬁﬁd%i}ﬁﬁ‘én?éﬁ oﬁe&fcgh%o@ %l'seen%BFlmélt Rdt3iDgspace;
generatingf8f(IENCRdaty rehatipgig aéra'u?éfénﬁz? §8n space where the
original geometry of the control points is 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 an object "in 3-D space from
one or more digital images captured by one or more 2-D
sensors, 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 least three

non-collinear control points of a reference model ;



non-col l i near control points of a reference nodel; 1 7 IRlzzqq.ﬁ orp
generating the as few as one digital inmge containing the at ast' ﬁ#r@e
. non-col linear control points of the object; |ocating each of the control
points in the as few as one 5 digital inmage; conmputing at |east three
non-parallel 3-DIlines as a function of %t he | ocations of the control
points and the sensor calibration data, each of the |lines passing through
its respective control point on the object; and 10 determ ning the pose of

t he object by ngeneratingt he fast ifegr eds ot;saeofdigﬁé:pntj_mgbepoéﬁ@aPﬁiﬁ‘ge
reference nodel to the 3-DIlines. The present invention is also directed
to a net hoth¢ heatafleast 13 hmder rmathico Bbindét hatbrnol orpslehes M o Noe e

| ocations of feature points on a surface of an object in %-D space from
one or nor@byégttal i mages captured by one or nore 2-D sensors, the nethod
conprising the steps of: generating sensor calibration data relating the
position 20 antP@@timgataoh of the cobDtsedsprintst im IHB sEackEw as one
generating reference data relating to at |east three non-collinear control
poi nt sJof HLgEFet eHP@IPbdel ; generating the as few as one digital image

containing the at |east three non-cqllinear control points of the 25
obj ect: |ocati fPBREWRI efe L8RTFoICHFSiSt BOPnPRERLAS 1! edv-Ris ldmes dkgi tal

| mage; function of the locations of the control 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
15 referréd to as "Method 2") for determining the locations of
feature points on a surface of an object in 3-D space from
one or more digital images captured by one or more 2-D
sensors, 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 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 control points and the



computing at |east three non-parallel 3-Dlines as a function df /theR Z(Ch
| ocations of the control points and the 17 KAR 2CCA 6 sensor calibration
data, each of the lines passing through its respective control point on
the object; determining the pose of the @bject by mnimzing the fitting
errors of the control points of the reference nodel 5 to the 3-D lines;
determ ning the equation for the surface of the object; locating feature
points in the as few as one digital image; conputing 3-D lines as a
function SYERIRE | BBALPEASIEN daktaheeheht WE phentlsimnd phssSARS@hrough
calibration data, each of the lines passing through its respective fedture
poi nt on tHE IRHRRICIVRCoREESH PPADtt AR tbeabbgestof the feature points
by the intersegtions, of their respective 3-D lines and the surface 15 of
the object. O MR ENELSIPP$R Mlesthe iolvient obyarmimimini howthe

1)In Meth l..Qr. 2, _the obje Is arigid body. 20 ii) In Method | or 2,
the 2-D 33%55£ﬁ%;%fE%5%r8& %h% G oBOLNGE 2f el seéprehcposedel

det er nk nat.i_o e\ ] him zing the sum of the squared di stances from
t he cg%trgp ggﬁhpgq%gﬁﬁﬁggTeference nodel to the 3-Dlines. 25 iv) In

Met hod 2, . 53i@e%k&ﬂh9f Iﬁ?' &%%f ' i makes use_of the pose
. ; 1l j
vethod 2.. o2 deXlen Jegﬁﬁ %f%;’ éﬁ;éﬁ% Phe "BiFRace 5t the object;
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) 1In 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.

25
iv) In Method 2, said step of equation determination makes

use of the pose information of the object.




7 Brief Description of The Drawi ngs Figure 1 shows a schematic F' gﬁg\&
the systemused in the current invention. Figure 2 shows the a gori’
-flowchart of the current 5 invention. Figure 3 is a diagramof a control
point, p, and its related projection Ilge useful in visualising the

mat hematics wutilised in the nethod. eferred Enbodi nents for Carrying
out The Invention An object to be neasured is placed in front of the set of
caneras. An jnmge is taken fromeach canera. The control points on the

obj ect ar PEREECPRECTHPEAENI RfigBbet Drgwiagste the projection lines. Then,

t he opting& ose |s determned to 15 fit a set of control points with i deal
geonetric 15¢ ancB8OWandn§ fan e clipgram sofethef system. ubedlatreriiae

t he coordlnates of the feature points detected on the inages, the

proj ecti o P HEEE r AP YERE PR  t hese feature points are calcul ated. The
nes 20 and the surface of the

|ntersect| t ween_t hese projec

obj ect g| ,%?ngr %%T%s eth%igorFE FurélBHFﬁﬁ§? TRE ciheentcuinmnett i on
appliesg t q_ S¥st of a single canera or nultiple caneras. In the

f ol | ow ng "descripti on, by 25 referring to a set of cameras, we also nmean to

include a pisystem ofs a; shRgLeamager a i o, Figure a set of -
caneras 10 are p03|t?o%eg g aV|§% %t%?ﬁé%é%;ﬁbiﬂﬁtl ns2Bf AfSoBjeddter.
Obj ect 14 projeck don R Linel useful in visualising 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
came;as. 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 coordinateslof 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




8 neant to be a CRT, but the current nethod also applies generally to any
other object. Inmages of CRT 14 are captured by caneras 10 andl gr 6GRsZEH by
-a conputer 11. The patterns displayed on CRT 14 are produced by a TV

signal generator 13 5 which is under th% i nstruction of conputer 11. In
canera calibration, process 20 in Figure®2, object 14 is replaced by a
calibration chart. Al caneras are calibrated to obtain their 2-D-to-3-D
i mage projection paraneters using 10 the DLT (Direct Linear Transfornation)

net hod, wi@antl [to cheeras GRE, caluthr ghed &QraefOMRE: NOE ! ga r %ﬁﬁtf <
system A reference to the DLT nethod is given in: Y.|.Abdel-AziZ"an

H. M Kar ar #er95aldét 19 neay ¢Sherandijectat img‘ds)fﬂﬁo@ﬂ?ﬁrﬂogr@oga?trﬁt

i nto obj e¢ct space coordinates in close-range photogrametry”, Prdéc.

Synposi umb¥h €RBREARAAGe Fbt proraswedt by, dr bamputek! 111n0i Bhe PRattilns
January 1971. 20 The DLT canera nodel is expressed as follow u= A Ix +Al2y
+A13z+A14 GAEBLAYRSL PN CRE 14 pIf profucedrdlyy arABzs idRal den¥rifory 18A332

+1 (2).25 ere .(X,YV, is a wrld coordinate, and (u,v) is its projected
i mage Poi M l&%bﬁ%%§%ﬁé%h Mg Cotrnli hteomeet 711, ' kR E 04

In camera calibration, process 20 in Figure 2, object 14 is
replaced by a calibration chart. Rll cameras are calibrated
to obtain their 2-D-to-3-D image projection parameters using
10 the DLT (Direct Linear Trapsformation) 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:

u= Anx +ApY +AnZ +A,,
Agx +Apy +Auz +1 (1)

v AuX +Any +Auz + A,
AaX +Any +Anz +1 (<)

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

projected image point expressed in the image coordinate. The



9 calibration process is a process of estimating the val ues for1tf$“ emﬁn
parameters A, ,, Al2, , A33 Note that given an image point (u,v), ftuisi
- possible to 5 determne the line that passes through the canera's foca
poi nt and the object point (Xx,y,z). Thisisline is referred to as the
projection line. An exanple of such a linhe 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*cal cul &ddbrajmon eeeces®d dguat poosesas ofl bshémdesng baed ialike
par agraph. G ven an image point (u,v), the projection line, after a few 15
steps of ANFelaehRRANSteBRsAHir of,eqdatd ons (&L). and (2), has the
foll owi ng paranmetric formin terns of paraneter t, X =P, t + X vy = Pr t
+ QV 20 z=P,t+Q where 25 P = (A13 - uA33)(yA32 - A 2) - (uA32 - Al12)(A23
- VA33) )l(‘]}i’%uﬂAS% - All}_‘gvAS, - A22) - (UA32 - Al12)(VvA3l - A21) (Al4 -
u) (VA3, - -Thak3, 9iven ‘an ajmage,)poipt = (WARL - 1ALl j§ vAKRSSibD®) to
UA32 : A VA3l - 1)..P (A1, - VA3, )(uAll - A ,)-(vA" -A 1) (AL, - uA"
Hlonsl SReURrAaEe mhe) hineadnana it thigmgp dhe' canera’s “focar

point and the object point (x,y,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 eguations (1) and (2),

has the following parametric form in terms of parameter t,

X =P, t+Q (3)
Yy =PpF t+0Q (4)
20 z =P, t+0Q (3)
where
p, = (A UANVA; - Ay) - (UA, = AL)(A,, - VA3)
(WA, = A (VAy, - Agy) - (UAS, - A (VA - A
Q, = (Au —u)(vA, —AR) - (VA - AL )AL - V)
(WA = AL VAy —Ay) - (VA - Ap)vAy - Ay)
p (A= VAL(UA, - A ) - (VA - A )AL —UAy,)

Y (UA; = A (VA, - Ay) - (VA - Ap)vA, - Ay

- (Ag = VIUA, - A - (VAL - A A )
25 (VA = A(VA, - Ap) - (A, - AL)(VA, - Ay)




T
Q=-_ (A~ - Vv)(UA3l1 - All) - (vA1l * A 1)(A14 - u) (WBl-ﬁ)pm@qu'

UA, - AVAAT ) - (3_12)( 31 - ,1) (3) (4 (5 17KIT 2CA4 1

- obj ect pose determ nation, an object is placed in front of 5 the set of

caneras 10. This object nust possess at | east three control points, all of

whi ch nust be non-collinear, where the H%onetrical rel ati onshi ps anong

t hem have been neasured (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 becaBse tlhey can be physically measured and reliably detected

in the image. An image of object 14 is taken from each canera 10. The

i mge points c®y redponding to the control points are detected fromthese

i mges. It does not matter fromwhich canera's inage these 15 contro

points are found. Once the projection lines are calculated, an iterative

process, 30 in Figure 2, is invoked to find the optimal pose. The optimal

pose is defl riRRJeEt tw%ﬁ%t@ﬁmhnabi@nenaa obdett2@s(placed ARderoft tdye

obj ect ungﬁ{ observa %lon wi th an ideal dinmension) where the distances of

its contr epoFﬁFs o FRECTFFOj LRt i GRiS nebjart mudtr pedsefle £ r Qeast

function t bee3 # ?Ed is the saglof t he squared di stances fromthe
model  cont¥Si€ p6PRESCLo RIENYS colrlds pofidivig Sir opasti dre | nnescollliinear,

where the geometrical relatlonshlps 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, ¢ and D).
10  These points are chosen because they can be physically
measured and reliably detected in the image. An image of
obje?t 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 literating cycle falls below a certain precision threshold.



25 solution is called the | east-squares solution. The iteratidn] ¥&R rilDat es
when the pose inprovenent of the feature points in an iterating cycle
falls below a certain precision threshold. 1 7 K AR 2CC4 11 A pose can be
represented by a mathematical descripti of the reference nodel and a
rigid transformation. The nmathematical "description of the reference nodel
Is specified in a pose chosen close to the expected pose of the object 5
under observation. The rigid transformation consists of a rotation, which
i s represBnPOFHyCAN 3RS mARLSSMtethdby & rearshernabicadhidelsdrs papesent ed
by a 3-vector T. The object _in the resultant pose is obtained by

mul ti pl yi Hget h& i Edichat BeABL t NG ef @r enieg itbdet rbysifemadtiain.on Rand
then 10 addj n]% %lhen}lwi th the translation T. The rotation is a non-linear
t ransf or rfﬁ?ﬂa‘ﬁ fPhifelndesrriRs Longof i Hhe aFgfesencowmogel 63 -sgecjbied

cl ose-form sql ution this transfoggation is linearized by restricting to

smal | 15"% of'ath D eéﬁBPégnaéﬂﬁ% ob0. e expestedhpase PLi e valziect t he
|l i near a ' ' |.ncr ease ith, 20 the size of the rotation angle. Due
to this I[swrﬁa %(i'?g):ﬂa%}(;}na[%’so?gﬁpﬁp\gn,rfﬁtgpo?@%%qqi‘éa?%‘?%r &EROE ifdel Chastto
be cl ose opt. Lyl sol.ut ) appr.oach t btain the optimal pose
is by fi nﬂéﬁ%{ﬁ%' ég ; }15 T?Em#gﬁr?%—gﬁg?gr 1% t Re gﬁgt AT IHF nfs ofNehed
referencecransiation, which is represented by a 3-vector T. The object
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 T.

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

rotation angles, (6,, 6,, 8,). To get a close-form solution,
this transformation is linearized by restricting to small

15 rotation angles as

1 8, -8,
R ~|-6, 1 8 (6)
8, -6, 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,I) 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,




nodel froman initial pose to a final pose where the error fundtidiiR <004
mnimzed. Due to0 the rotational approximtion, {7 VAR2Cuk 12 the fi nal

» pose may not exactly be the optimal pose. To obtain a closer solution to
the opti mal pose, another cycle of the Zgove pose determ nation is
executed where the final -pose of the prévious cycle becones the initial
pose of the current 5 cycle. As the pose gets closer and closer to the
opti mal pose, _the anobunt of rotation and the approximation error involved
wi Il al so ¥REuéénadcoraengay. nPitcexaotdy tee térer wpti imalDSsosElet s rbBeh {0
can be reduced fromcycle to cycle until a satisfactory |evel of accuracy
i s reached® F40PRE &AILIAN L@ ebbenopidmady gasef ansehdet eyrileatdont Kan
be estimated by the average travelling distance of each control point in
a cycle. PIRRYSCRPFE, dghexvdpatd ofy dvielexerntidi uhere thel dinalhgmse tent h
of the required_accuracy is. copsidered 15 insignificant. Thus, once the
average tr %IPFﬁg%ﬁQ§zﬁﬁﬁ}erBSEﬁ@§sb&hﬁN%ﬁ%glﬁévﬂqsqrmfitéﬁaﬂu@xewmle

or csonted BETbG. KB SUE] RESEoSBLBuF L08R, AndL o ool fdte PRAL GRS 01
Poi It P oRbuncPlod -l ghal R Slance, rom e Lrenslored,
oo olEh F1ab S, sChrdmattete Sl Vol Bler S RO
setting t=ktermination 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

esti@ated 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, pi(pi,, Piys Pi), defined as the distance
from the transformed control point, p;’, to its correspondent

projection line, is evaluated as

d; = || ' -~ g || sin B, (7)
25
where g;(q;, 49, 9;;) is any point on the projection line
(one example is the point (Q,,Q,,Q,), obtained by setting t=0
in equations (3), (4) and (5)); and f, is the angle between

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




in equations (3), (4) and (5) ) ; and !3i is the angle bet\/\/een1l<-#tﬂp_|é2'zgﬁ
(pi I - gi ) and the vector, ni ( nix, niY, nil) , defined 1 7 TR 13
- as a unit directional vector pointing along the tangent of the projection
line (this vector can be cal cul ated by ?ornalising the vector (Px,Py,P.)
whose paraneters are obtained fromequations (3), (4) and (5)). Witten in
vector 5 notation, (7) beconmes di Rpi + T - qi ) x ni (8 The error
function for k control points is defined as 10 (9) The linear matrix form
of the expﬁnﬁ(ﬁﬂbt g4ugritéonad) vestor sipegnthiagpplong maihieort rfijerandof
setting di=0, Sthe 15 subscript i has been dropped for sinplicity)
WMpo: o —tnﬁ (EGP ﬁﬁ&%@nnyéymﬁ nz(ﬁ'ebls nyﬁs@tom pxamn nb:e tylchFated nkPy
NXpx + nzpx - $ g¥ 0 nx ° g nxp, + ny ny - nx 0 20 Mooad =
B oy ohommadBing, “eng (Gyepdptny (Bl whate, maranatezs.)ace

ny(_ X -Pg)rRa(2% £RYk equations (3), (4) and (5)). Written in vector

5 notation, (7) becomes

di=||(Rpi+I_gi)xBiI| ' (8)

The error function for k control points is defined as

10

F=Yd (9)

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

15 subscript i has been dropped for simplicity)

Wo¥iowo = by (10)
where
p,+n,p —nypx =n.p, 0 n, —ny
W, =[ -np n,p, +n,p -n,p, -n, n,
-n,p -nypz n,p,+n py ny - n, 0
20 Yoo = [ 0, 8, 8, T, T, T, I7

nz(q, —py)_ny(qz-pz)
bp = —nz(qx -p:)+n:(q1—pz)
n,(d, —p.)-n,(a, - p,)

The equations from the k control points are collected into

the following matrix form,




The equations fromthe k control points are collected into theLf{ogkg)I/jcm

matrix form 1 7 MAR 2Cc4 Wha s. = +tpoa L -'pl ..p2 ...... , . pk 129 ISZT
L bpkT I 5 where each sub-matrix denotes the wp matrix generated in "x
(10) by the related control point p;. Thﬁierror function (9) can be
rewitten as } F = ( Wos ypos. - J.tpoao )T( Wbor. ypos. - pos. ) 10 (13)
The pseudo-inverse fornmula for the | east squares solution of error
function (13) iswTwlw_ 'pos. ( pos. pos. ) pos. + }KpoS4 15 (14) A
reference to the pseudo-inverse formula can be found in: D . H Ballard and
C.M Brown, Computer Vision,.Prentice- Hall, Inc., Englewood Ciffs, New
Jersey 07632, -pp-485-%,0fbe tte Hgsé is found, the surface oflldbject
14 is predicte using,it,s t hemat i, cal y surface equation. In process 32 of
Figure 2, the feesture Boﬂ%ﬁgqﬁn tti Lesdrface are detected on 25 {h&)camera
i mmges. Their projection lines are generated.. The

5 where each sub-matrix denotes the W, matrix generated in
a

(10) by the related control point p;. The error function (9)

can be rewritten as

F = (Woowe Yporo = Dpod) (Woose Yporo — Dpeaa) (13)
10
The pseudo-inverse formula for the least squares solution of
error function (13) is
Yose = (Moose' Woone)” Woess” Riose (14)
15
A reference to the pseudo-inverse formula can be found in:
D.H.Ballard and C.M.Brown, Computer Vision, Prentice-
Hall, Inc., 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 gquadratic surface is only for illustrative




I ntersections between the surface and these projection |ines QVWQ&RUEQ#
coordi nates of these feature points. In the followng, a quadratic surtace
»is assunmed. Note that, the assunption of quadratic surface is only for
illustrative 14 T]T 1 7 K,R 2C4 is purpgse and should not Iimt the
current invention to any type of surface as long as it can be expressed
mat hematically. Cose-formsolutions to line-to-surface intersection for
| ow order surfaces can be generally obtai ned. However, for higher 5 order

and non- | iNEEROS@r fadesshoulst anbre Iachni ghes @ifres€qyinied i@ f i pd th
solution of intersection up to an approximation. The reference to these

t echni quesyRfh b FWiFrRFeias LOngvas Pressan Dé. drpkeksky, m¥t heMatlienhingg
and B.P.FElannery, Nunerical Recipes in C. The Art of Scientific )
Conput i ng CIRREERER TP Liirns dge Lineereisyrfaresint Easbetdea, £6293 0wlb
The follow ng derives the solution to calculate the point of intersection
bet ween a9 CHFTAF S FEs R ITMRIBEY rtatnedi ndowevardefoet Adgheat ure
point)san% uadratic surface (which represents an object's surface) to

i |l ust?at &% e oM AT iatemet hier2bivhe teabinagieseqaaki on

for the cuyr face | =S A+ BX £ CY + DX2 + EXY + Fy2 (15) The |ine
equationsgﬁ%ﬁﬂ'a {aﬁgenkieectEﬁ% Pprtien qﬁ; tergection up to an
approximation. The reference to these techniques can be found

in:

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.

15 The following derives the solution to calculate the point of
intersection between a line (which repfesents the projection
line of a detected feature point) and a gquadratic surface
(which represents an object’s surface) to illustrate the
principle of the current method.

20

The gquadratic equation for the curved surface is

Z =A+ BX + CY + DX’ + EXY + FY? {(15)

The line equations with a tangent vector, n(¥®,,P,P,} and a

25 point on the line, g9(Q,.Q,,Q,) is expressed as

X =Pt + Q, (16)

If

Y = Pt + Q ' (17)

Z =Pt + Q, (18)




R T

-25 oint on the |ine, X, Q, @) is expressed as X = P.t + Q 7(j! Wi =
PYt IO+ Q (17) z = P:tq+(Qz (18) 1 )7 MAR 2pCC4 16 Substitute (16)? ?(";i‘%,m'(ll

(18) into (15) for the point of intersection, we have 0 = (A - Q + EQX +
CQY + DQX2 + EQXQY + FQY2) + 5 (BPX + CPY - P= + 2DPXQX + EPXQY + EQXPY + 2
FPYQY) t + (DPX2 + EPXPY + FPY2) t2 (1@? By taking a = DPX2 + EPXPY + FPY2
10 b = BPX + CPY - P= + 2DPXQX + EPXQY + EPXPY + 2FPYQY c¢c = A- = + BQX +
CQY + DQX2 + EQXQY + FQY2 we can rewite equation (19) as at2 + bt + ¢ =0
15 The two solutions for t are (20) t1 = {-b + (b2 - 4ac)112}/(2a) (21) t2
= {-b - (b2 - 4ac)112}/(2a) (22) For each t;, the point of intersection is
cal cul at e§ubsitigutzo dddati ond7(16) (1817)inbd ((B)) Then, dree ?g&ﬂE wRigch
falls in the expected range of the surface is selected as the feature
point's cABrErASCE10Mm GRT hganetry adjustment, the coordinates of feature
points 25 determined on the CRT surface are used to cal cul ate geonetri cal
properties sucR &s (fi dt Bs, +hBRgHt £Ond aag! os EQLO7 AR 2 CCA

5 (BP, + CP, - P, + 2DP,0, + EP,Q, + EQP, + 2FPQ )t +
(DP,’ + EP,P, + FP)t? (19)
By taking
a = DP,’ + EP,P, + FP}
10 b = BP, + CP, ~ P, + 2DP,Q, + EP,Q, + EQP, + 2FPQ
C —

A - Q. + BQ, + CQ, + DO’ + EQQ + FQ,’
we can rewrite equation (19) as

at’ + bt + ¢ =0 (20)

15 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

20 eguations (16), (17) and (18). Then, the point which falls in

the expected range of the surface is sélected as the feature

point‘s coordinate.

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

geometrical properties such as widths, heights and angles.



17 Possible Wilization in Industry of The Invention This inventifoARI 2064s
t he neasurenment of feature points on a curved surface for any nunber of
canmera i mages. The nethod of searching for the optinmal pose by a rigid
transformation 5 reduces the conplexity 31‘7 the conputation to a |inear
function conpared to the prior art nethod of quadratic conplexity using
geonetry consistency. There is no need of an extra stage of pose
paraneters_cal cul ati on_as the search directly finds the pose paraneters. 1
7 MAR 2004Pess&hie\Bti) iAagionodnf dndustanniod the Hnpastionnal and
orientational deviatiqgns of _.an object in 3-D space to be inspected from
its i deal FbtstiBNEntiepngldwwsorthprreagngeranti afgdeataytea i mys one &r
nore 2-D sensors, an conprising the ordered steps of: positioning an

obj ect wi t‘Fl‘ilﬁV?‘aeS\}F fF6f TPRe33YDNUERRI0IE FHeRdRgeRscTié mensod of
calibration; se%ecti % Six.sets gf. 3-D worl d coordinates, then capturing
the corresPSHET AY"3- B9 ed@e oBPEAMELesPRSEnPY edchr 2980 s chsans formation set

of theccho - d L.hates: perfaorm ng the 2-D sensors )

calibrati oﬁg%?%%gsgﬁéndcgﬁgé%ﬁg?’i n§Et h&MFapS O 9 nejye linear

coor di nat 4& %on D ordin , .applying the Direct Linear . .

Tr ansfornaeﬁlon %%ET)MNEI!E%%%@ g'g?]e?tf’al?;én ifljté(?)";e)reélnit':étg d'é?‘gh?%l at ngqlf%gzé‘i‘t’r‘éast

three complexity using geometry consistency. There is no need of an
extra stage of pose parameters calculation as the search

directly finds the pose parameters.




non-col i near control points of the reference nodel; positioningMiRe2004
desired object to be inspected within the view of the 2-D sensors, for the
pur pose of determ ning the pose of the object; capturing the 2-D digital

i mmges fromone or nore 2- D sensors, 18ontaining at least a total of three
non- collinear control points of the object to be inspected; fornulating
the projection lines for all available control points; fornulating an
error function (9), equivalent to thg ggnation of the squares of the

di stance fromthe transformed contr PAE nts to the projection |ines;
iteratively mnimzing the error function (9) by successively updating the
vectors Vpose (13) until the 17MR2004 19 deviations in the control points
fall below a predefined threshold. 2) The nethod as in claim1, wherein
the object 1i's a? rigetheddy.f®) THetswmindngs ithel aipwst tiwmerlei napde 2-D

sensor is a3 T et s.in_clajml1l, whergin said step of pose
det er m nat ?’5%@%32 \?gl)éalm?b%‘}n’ileaz@%gﬁah%f sﬁ% %ij{eﬁg %&uaa‘reéj(; SRA<Y ah%e€%f r om
the controlingpentedof ftéve riafser eédealnobetatiensd heudibgl ivgs. & Moret hod
for determ’ning6 he | ocations of feature points on _a surface of an object

in 3-D spafddt OMEISS GRPEIERY PYI ANfages Bapeure® SERIRr®Dr Abfe 2-D

Sensors, comprising the ordered steps of:

positioning an object within the view of the 2-D
sensors, for the purpose of sensor calibration;

selecting six sets of 3-D world coordinates, then
capturing the corresponding 2-D image coordinates using
each 2-D sensor for each set of the chosen 3-D world
coordinates:;

performing the 2-D sensors célibration process, and
formulating the mappings from 2-D image coordinates to 3-
D world coordinates, by applying the Direct Linear
Transformation (DLT) method;

generating reference data relating to at least three
non-collinear control points of the reference model;

positioning the desired object to be inspected
within the view of the 2-D sensors, for the purpose of
determining the pose of the object;

capturing the 2-D digital images from one or more 2-
D sensors, containing at least a total of three non-
collinear control points of the object to be inspected;

formulating the projection lines for all available
control peints:

formulating an error function (9), equivalent to the
summation of the squares of the distance from the
transformed control points to the projection lines;

iteratively minimizing the error function (9) by

successively updating the vectors Vpose (13) until the




D —————————
the nethod conprising the steps of: generating sensor calibrati
relating the position and orientation of the 2-D sensor to théogjﬁﬁgégHCe;

generating reference data relating to at |east three non-collinear control
points of a reference nodel; generatiusg the as few as one digital inage
containing the at | east three non-collinear control points of the object;
| ocati ng each of the control points in the as few as one digital imge;

conmput i ng ?% |.east _three non-parallel 3-Dlines as a function of the

| ocati ons OfF t1& 08 r'dt bRT nEeniRalt Reindsnd@lldre beat soprededfinedch of
the |lines passism@did hrough its respective control point on the object;
determ ning the pose of the object by mnimzing the fitting errors of the

control points of the reference 1 7 MAR 2004 20 nodel to the 3-D |i nes;
bject; l|aocating feature

det er m ni ng,t he uaf i or the surface.of the o

points in tgr)\e ag%fqe%éa@?%é\eaai di't a‘F{a’rrﬁa&e; WSHAAD nEhe- ohliesds B a
function ofrigle beegtions of the feature points and the sensor calibration
data, each of the lines passing through its respective feature point on
the object; and determning the | ocations of the feature points by the

intersectigns ofheh@letHRERACH Y ecBa B! 1783n@0914N % he 2-D sensor is

a camera.

4) The method as in claim 1, wherein 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.

5) A method for determining the locations of feature
points on a surface of an object in 3-D space from one or
more digital images captured by one or more 2-D sensors,
the method comprising the steps 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-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 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 control points and the
sensor calibration data, each of the 1lines 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



) . .
: : : . he pbj g a
surface of the object. 6) The method as in claimb5, wherein t P
rigid body. 7) Thg nmethod as in claimb5, wherein the 2-D sensor |Z ﬁaﬁ ﬂﬁ#

, , . : f pose
canera. 8) The nmethod as in claim5, wherein said step o _
deternina%ion i nvol ves minimzing the2gum of the squares of distances from
the control points nodel to the 3-D lines. 9) The nethod as in claimS5,
wherein said step of equation of the reference determ nation nmakes use of

' tion of  the object.
the pose Information of, t lings;

determining the equation 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 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 of the object.

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

rigid body.

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
of distances from the control points model to the 3-D

lines.

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

pose information of the object.




