1 Method and apparatus for 3-dimensional vision and inspection of ball and
like protrusions of electronic components 5 TECHNICAL FIELD This
invention relates to a method for inspecting objects in 3- dimensional vision,
including inspecting electronic components which 10 features' texture may
require inspection that is detailed to a sublpixel scale. An apparatus
implementing such method is also disclosed. BACKGROUND OF THE
'NVENT'O%H}%*Bﬂqpé%?%lP&tU?'?Bﬁa%t-‘HI &ryfmar%%ﬁrswh
volume of precision small objects are made, such as microelectronics
fabrication amd packiaging fob edingpoahdike, [inis bitesi oresesfaietireadls of
the completed object such as a microelectronic package to be inspected for
quality control 20 purposes. Due tdRENRRYE&BEme, such inspection has to
be automated and due to the inspection involving examining specific critical
feature of the package, such as co-planarity of the contact elements in the
fagm of balls in a ball grid array (BGA) device, 3-dimensional vision is
required. 2 Some vision systems uses a single axial camera with a plurality of
TECHNICAL FIELD

This invention relates to a method for inspecting objects in 3-
dimensional vision, including inspecting electronic components which
10 features’ texture may require inspection that is detailed to a sub-pixel scale.

An apparatus implementing such method is also disclosed.

BACKGROUND OF THE INVENTION

15
In a high-precision manufacturing environment where high volume of
precision small objects are made, such as microelectronics fabrication and
packaging of components, it is often necessary for each of the completed
object such as a microelectronic package to be inspected for quality control
20 purposes. Due to the large volume, such inspection has to be automated and
due to the inspection involving examining specific critical feature of the
package, such as co-planarity of the contact elements in the form of balls in a

ball grid array (BGA) device, 3-dimensional vision is required.



reflective surfaces to pick up different views of the object to be integrated in a
single image such as that disclosed in US-6,055,054 (Beaty, et al.),
WO001/04567 and US-2002/37098. Normally, an algorithm in the form of 5
software is used to process the different reflected views of the object to be
integrated into a single image to be inspeéted. 3-dimensional view in true
stereoscopic vision can only be achieved by having at least 2 cameras such

as that disclogg I0i§iG6( @82 HEOS U HESINPYSIRIBR. Withr %O&ﬂréﬁ@ of
and US-6,064,757 (both by Beaty, et al.). These vision systems generally

employfadiigs carmaiesteogapkuie anfénsiianswden abtbpjehiesbanaieBesend a
camera to take a second view from another angle whether directly or

indiresitigleiainedbpetisacturtacahal Sddatoseeseint rosttoebm05ter@saypict al.),
vision of inspecting objects makes use of certain functions of HalconTM
ImaginPPidEssTNgNdbképy2Q0EI8iKINg. 1) Ny MdlYe @S cftguid @ b thef form  of
Munchen, Germany. Some of HalconTM references are available from its
m,@bsﬁ@ftgﬁamtﬁ/mtmw@@wymwmgm reflected views of the object to be
documentation/documentation.html, 20 including its user manual on

3-dinBIRIGHEH FURA §W§ml@obﬁlé{@ﬂﬁ% ision in World Coordinates

available at http://www.mvtec.com/ down
load/documentation/pdf-7.1/3DMachineVision.pdf which, along with other

relevant HaleofT M QURNCAUGNE: AR DEPLBRERIRE IS INLAX &%ﬁgrﬁé‘%%h?bm? by

stereoscopic camera system comprises two cameras traine
having at least 2 cameras such as that disclosed in US-6,778,282 (ICOS

10 Vision Systems), US-6,064,756 and US-6,064,757 (both by Beaty, et al.).
These vision systems generally employ a first camera to capture an incident
view of the object and a second camera to take a second view from another

angle whether directly or indirectly via reflective surfaces.

15 Our present method for stereoscopic vision of inspecting objects
makes use of certain functions of Halcon™ Imaging Processing Library
(version 7.1) by MVTec Software GmbH of Minchen, Germany. Some of
Halcon™ references are available from its website at
http://www.mvtec.com/download/ documentation/documentation.html,

20 including its user manual on 3-dimensional vision system entitled Machine
Vision in World Coordinates available at http://www.mvtec.com/
download/documentation/pdf-7.1/3DMachineVision.pdf which, along with

other relevant Halcon™ publications, are incorporated herein by reference.



the same object from different positions. With a pair of cameras, a pair of
image points from the projection of a point on the object may be captured.
The image points are often referred to as "conjugate points" or "homologous
5 points". By making use of interior parameters of both cameras and the
relative pose of the second camera in resgect of the first camera obtained
during a prior calibration process, the distance of the said object point from

the stereosqq@%g@g@g@oﬁy@t@&mg% besdeterning O IBARMEER trained on

configuration of two parallel-trained single-dimension cameras with identical

interigfoaErnRetje cN MO PEFNOWRL PIIRIIBE WIRrQrpAiFthf Thereasts, d eair of

the straight line connecting the two optical centres of the two cameras, may
be asswyedptiirte tomcidenirojightitve af axigadfttion first asjereramalhesn ciygured.
image plane coordinates of the projections of the point P 15 (X, z) may be
expreBsednagetpoiitsayesy it mmefercasdapieonjugate peints-onhoof@ous
where f is the focal length and b the length of the basis. The difference

b&twEeiiRe viRY IS bitifoed HNETOERTRIBESEDINs Povaregias and the

dISpaI’I'[P/
ative pose of the second camera in respect of the first camera obtained
during a prior calibration process, the distance of the said object point from

the stereoscopic camera system can be determined.

10 A simplified configuration of two parallel-trained single-dimension
cameras with identical interior parameters may be shown in FIGURE 1 (Prior
Art). The basis, i.e. the straight line connecting the two optical centres of the
two cameras, may be assumed to be coincident with the x-axis of the first
camera. Then, the image plane coordinates of the projections of the point P

15 (x5, z%) may be expressed into two images, u; and u,, as follows:

X
u="~f-—=

20
where f is the focal length and b the length of the basis. The difference
between the two image locations of the conjugate points is called the disparity

d, which may be calculated as follows:

f
d:(Ul—Uz)z—C



d, which may be calculated as follows: d=(u,-u2)f b z" 4 Given the camera
parameters and the image coordinates of two conjugate points, the z
coordinate of the corresponding object point P, i.e. the distance from the
stereo camera system, can be computed from the following 5 equation: It
should be noted that the interior camera parameters of both cameras 10 and
the relative pose of the second camera in relation to the first camera are
necessary to determine the distance of P from the stereo camera system.
Two basic operations that need to be solved for conventional stereo vision

are: 15 SteivePatfImianien paihensigdonnaranecipisdy hdbrgnamensando
the relative pose between them during initial set-up, and Step 2 -

Detenvitjatjate pbinaithef Zagjogitatpantedaoeashatlect ghjeot pdimterast.ithe
stereo image pair captured during inspection to compute 20 the said object
pointsligiataadesnirtire tiereteratesysiamerarsistenmatiedifmmogbeatidowing
involves calibration of the stereoscopic camera system whereby a calibration
pfate §SIYRIEBd such that it lies completely within both the field of view of the
stereo image pair. With HalconTM Ifmgging

c

It should be noted that the interior camera parameters of both cameras
10 and the relative pose of the second camera in relation to the first camera are

necessary to determine the distance of P from the stereo camera system.

Two basic operations that need to be solved for conventional stereo
vision are:
15
Step 1 - Determination of the interior parameters of both cameras and
the relative pose between them during initial set-up, and
Step 2 - Determination of a pair of conjugate points for each object
point of interest in stereo image pair captured during inspection to compute

20 the said object points’ distances from the stereoscopic camera system.

The first operation involves calibration of the stereoscopic camera
system whereby a calibration plate is placed such that it lies completely within

both the field of view of the stereo image pair. With Halcon™ Imaging



5 Processing Library, the calibration of both images may be carried out
simultaneously with the operator termed as "binocular calibration” [see
section 7.3, page 94 of Machine Vision in World Coordinates, Edition 2,
HalconTM 7.1.0, published July 2005]. After a successful calibration, a
virtual 5 stereoscopic camera system calléd rectified stereoscopic camera
system, of which the rectified coordinate system is with respect to 1s'

cameggo Widey COBRIFYCEtE ASIBRAERUGCH OGRS IR IWA%8d out

representation’is 10 influenced by the manner in which the cameras are

placeginitigifapestaniithat o epeesttied HRIIAS BMRIEuURAIGANSISNS {E[FeetBBCtion
focal length) nor the relative pose (e.g., the distance and orientation between

the tWwos¢grageasi abftieavihinecarisisasichaongdsChordmanes cdititiatnon, pradess™
or between the calibration process, as well as during the ensuing application
of the’chlibraneblistado I8ycaPPOR. syitiem. & isticeeskive ahlisediieno mouiitual
the two cameras on a stable platform. The second operation involves what is
calleFRISEPRIGEATAB Ry Clle HeRUABIL SIBTRPTTORESSRIENR BYsdam, Of

invoking the operators 20 "binocular disparity” or "binocular digtance" [see
sectidED, PEJE GG R INATCAYSIEEL LS I HESBESAAP chicGTBIRs il be

obtain WO{’|d (fogrdinates from the stereo images. In HalconTM processing,
. constructed. . . )
two image points from a stereo image pair captured from the same object
point are referred to as conjugate points.

As the accuracy of the 3-dimensional image representation is

10 influenced by the manner in which the cameras are placed, it is important that
neither the interior camera parameters (e.g., the focal length) nor the relative
pose (e.g., the distance and orientation between the two cameras) of the two
cameras changes during the calibration process or between the calibration
process, as well as during the ensuing application of the calibrated stereo

15 camera system. It is therefore advisable to mount the two cameras on a

stable platform.

The second operation involves what is called “stereo matching

process”, which in Halcon™ processing involves invoking the operators

20 “binocular disparity” or “binocular distance” [see section 7.4, page 97, op. cit.]
which process the necessary calculations to obtain world coordinates from the
stereo images. In Halcon™ processing, two image points from a stereo image

pair captured from the same object point are referred to as conjugate points.

From the principle of stereovision, the difference between image locations of



From the principle of stereovision, the difference between image locations of
6 the conjugate points, which is called the "disparity”, can be used to
compute the distance of an object point from the rectified stereoscopic
camera system. The HalconTM Library provides individual functions to
compute disparity 5 or distance of the enfire overlapping region of the stereo
image pair. These functions must first carry out matching operation to

establizh GRS BRI AR PR RANTY |‘§6‘$Hf¥fh€afhvﬁﬂan%8% RYPPute

of stereo image pair before disparity or distance profile of the region can be

compyiedisldisteran BPRAE BRI FoustiEseberitrrtfiedoHasne @dimera system.
information gathered from calibration, to 10 align their overall Y image

coordinate. Thus the ensuing matching process is mainly to find out the
difference of conjugate points in X image coordinate. There are 3 different
methods, ndinelyaemithédostryaridisarsivdal Binatined sycenuaiite disparity
differences" and "normalized cross correlation”, available for the matching
fuhctiohBsianae PhbeH 8B Y SORRPHIGHID I yPAYIR\REE B RXAS Rethin Aese
small matchlng window. To obtain accurate results, the object's surface must

have HHSh@?Pt&Hﬁ?QF%RﬁWaﬂBhW%@'E&&B‘?é%“%ﬁﬂ)ﬁﬁﬁﬁi@? W&ﬁfﬁ@&é’f‘fs

iS no use{ul when determi nnqtﬁhe dlsfance to asmal feature. havm(%var gre

10 SBRCE) Sc%”as S COMad A&t bl

e er
surfac® curva ence varying 20 di

tip of g gd'(gr ?Jré?é{n% P%ﬂfédb‘Ffﬁé r%%?é??‘gsn ‘dé‘@%ﬁlﬂ]%ﬂ”%é”&%‘é‘%age
methods wo ecum rsome and inaccurate for the purpose of
detergyping, theidislRNe&iRdhericoRaftbRhation gathered from calibration, to
10 align their overall Y image coordinate. Thus the ensuing matching process is
mainly to find out the difference of conjugate points in X image coordinate.
There are 3 different methods, namely “summed absolute difference”,
“summed squared differences” and “normalized cross correlation”, available
for the matching function and all 3 are based on comparison of gray-level

15 pattern within a small matching window. To obtain accurate results, the

object’s surface must have enough textural information to be captured.

Unfortunately, this approach is not useful when determining the

distance to a small feature having varying surface curvature (hence varying

20 distance) such as a contact solder ball tip of a ball grid array semiconductor
package. Using Halcon™ matching methods would be cumbersome and
inaccurate for the purpose of determining the distance to the centre point of
each ball or ball-like protrusion’s curved surface as ball surface is void of

textural features and is therefore not suitable for Halcon™ matching methods.



each ball or ball-like protrusion's curved surface as ball surface is void of
textural features and is therefore not suitable for HalconTM matching

methods. 7 Nevertheless, HalconTM methodology also provides functions to
compute distance from disparity of conjugate points or distance from the
conjugate points directly whereby the confugate points are to be determined

5 by the user. It should be noted that conjugate points can be taken as
rectified coordinates of original image coordinates. We have now able to
detect the conjugate point of ball tips using our own methodology and yet be
able to compete e digansaiebsvennhaldibbgyroaksteciftpddieraanctions to
cameras using Halcon functions. Our process may be more readily
undersiopdittodisthade | barmgldisatiog use . cShjviddRYODIs RISAE@TERE0AD the
Our present invention concerns a method for 3-dimensional vision inspection
of objem)dattudittassie vthenebydhepooeingatepinigtpeserisibastetermined
features to be inspected, wherein the protrusions have surfaces that are
nén-plARBe A88Yor CEfOEIE RS Refed HPirOfhgFERRYET Ca0 Ballaken @ rectified
general embodiment, our method comprises the steps of: (a) providing at

least SRR AL 8" KRR EARIRAI Similar interior parameters
arranged in a stereovision configuration; (b) calibrating each of said image
capturing means to determine the

We have now able to detect the conjugate point of ball tips using our
own methodology and yet be able to compute the distance of every ball tip
10 from rectified stereo cameras using Halcon functions. Our process may be

more readily understood from the following disclosure.

SUMMARY OF DISCLOSURE

15
Our present invention concerns a method for 3-dimensional vision
inspection of objects, including microelectronic components having
protrusions as features to be inspected, wherein the protrusions have
surfaces that are non-planar and/or curvatures such as the tips of pins or
20 balls. Inthe general embodiment, our method comprises the steps of:
(a) providing at least a pair of image capturing means with similar interior
parameters arranged in a stereovision configuration;
(b)  calibrating each of said image capturing means to determine the

interior and exterior parameters of said image capturing means;



interior and exterior parameters of said image capturing means; 8 (c) forming
a rectified coordinate system from the parameters of both image capturing
means determined above with a relative pose of second image capturing
means with respect to the first image capturing means; 5 (d) capturing an
image of an object to be inspected using &ach of said image-capturing
means, wherein said object having a plurality of co- planar protrusions and

said ipange FRRHHG iSOG O HOMSHY TaGSFHINYRIM &R ¢AFIRERAdof both

protrusion; (e) rectifying coordinates of each image to produce a pair of
rectified 10jimgecedptthmgaiddactifigsconrdinatd systeimhn (B delatinivgsa of
conjugate point for the centre of each protrusion on each of the pair of

images captasmichinth(y) capasiningdéhashstanespaiot & thpridtstisram & oapiating
least one of the image capturing means within the rectified coordinate

system andrtie@nss co-planarity of the protrusions. In one preferred
embodiment of our method, the aforesaid step (g) measuring the distance of
e&ch (otruSRINUFHS a0 IEAsEen cntdiacade RAPATARGIAHRSGRRCh of said
calculation of co-planarity of the protrusions comprises 20 determining from

the rectified DSRITARLETSiMF AL RHERERI R ARG P ARGB YR of co-

distance of er’;\ch of the Lprotrusiogs fr.(am at least gne 8f.the
planar protrdsions and ‘said imagé captured is of at least one surface

curvature of each of said protrusion;
(e) rectifying coordinates of each image to produce a pair of rectified
10 images in the said rectified coordinate system;
f determining a conjugate point for the centre of each protrusion on each
of the pair of images captured; and
(9) measuring the distance of each protrusion from at least one of the
image capturing means within the rectified coordinate system and the

15 co-planarity of the protrusions.

In one preferred embodiment of our method, the aforesaid step (Q)
measuring the distance of each protrusion from at least one of the image
capturing means and calculation of co-planarity of the protrusions comprises

20 determining from the rectified coordinates using established mathematical
functions the distance of each of the protrusions from at least one of the

image capturing means.

Another preferred embodiment of our method further includes step (h),



image capturing means. Another preferred embodiment of our method further
includes step (h), 9 i.e. calculating the co-planarity of the protrusions based
on the distance of each protrusion to form a seating plane using standard
best-fit plane algorithm. Preferably, our method further still include step (i)
i.e. calculating the height of the protrusiofls wherein the substrate plane is
determined with 5 reference to the rectified coordinates; and the

perpﬁ@i%@ﬂlgiﬂg% @o%ﬁgﬁ&ﬁy%fc’tﬁ@eﬁ&f?ﬁéﬁﬁ% RiaBedSoiRkRS aRthsce of

protrusion height. Tn one aspect of our invention, the protrusion height is
calcuaien hydilusibRrayimating avideaisgcqnshelansint) atdgitiaritosdg-fitShlane
seating plane, that 10 is constructed with protrusions having good
co-plaianiywaluessféraslyiftng sett sk onideplatile ibyltkhe atepui)ticd. nedaimating
protrusion height to form the substrate plane; and (iii) taking the height of the
protriiheighthef twrpeatiicsitnsdigiersie dissidoptctieisimeoishdesebynmadewith
plane. 15 In a preferred embodiment, the calibration in step (b) is determined
in° ref&fiRie6ahE nibasifelfiedt prardnpieseraiy thte PRERRIFEH BNt PrdpRCR Of
provided in the form of a calibration grid. In another preferred embodiment,

the cBRIYRIERNE SHBALACRIBIBINGET TG RtiHRIHNR D (f)

includes (i) locating in each rectified image, the edges of the object to draw
up the boundaries of the object; and (ii) performing standard blob analysis to

locate the 9(9%%8%?88& 8? 83Fﬂ1vention, the protrusion height is calculated by (i)

approximating with a second plane, in addition to the first seating plane, that
10 is constructed with protrusions having good co-planarity values; (ii) shifting
said second plane by the amount of nominal protrusion height to form the
substrate plane; and (iii) taking the height of the protrusion as the

perpendicular distance of said protrusion to the substrate plane.

15 In a preferred embodiment, the calibration in step (b) is determined in
relation to the measurement plane. Preferably, the measurement plane is

provided in the form of a calibration grid.

In another preferred embodiment, the conjugate points of each

20 protrusion being determined in step (f) includes (i) locating in each rectified
image, the edges of the object to draw up the boundaries of the object; and (ii)
performing standard blob analysis to locate the gross position of each
protrusion. Preferably, step (f) further includes (iii) projecting two edge-

detecting windows onto each protrusion to locate its top and bottom edges up



protrusion. Preferably, step (f) further includes (iii) projecting two edge-
detecting windows onto each protrusion to locate its top and bottom edges up
10 to sub-pixel accuracy; (iv) projecting a third edge-detecting window from a
central vertical position of the protrusion to detect the left edge of the
protrusion in right image and the right edd® of the protrusion in the left image
up to sub-pixel accuracy; and (v) assigning conjugate points to be right and 5

left eggesQiRe) PIELHEIRR: 40)YBIARARGT L MRANAGE LRI BRIV EBM a

(g) further includes (vi) calculating disparity of the protrusion to be the

differepggdretweralthm sprsitionsied theosaisisighb anetielt esgeasitasddwiibf the
determining the distance of 10 the protrusion from the stereoscopic camera

configusatisivntifizigg ttireagis pad tthanig hihe dgéatvehpqeetcasipuie theudfigmage
calibration. Preferably, the protrusion to be inspected in our method has at
least upni® club-wxeldesdgeacy; ibtify) iaskidiniegphesjobateinanis serag (RBAGN
15 package, balls of ball grid array (BGA), and like microelectronic packages.
IrPanBi @088 &¥BE BIRIHSEMioN, an apparatus is provided for 3-

dimensional vision inspection of non-planar objects, including microelectronic
components, wherein, for calibration and/or measurement purposes. Our 20

apparatus Cl%%{%%%ir%? S‘r‘n't%"&tmaeg%foéd TRSnGar RS Sy Hides (vi
similar interior’ parameters arranged in a StereoviSion conttguration;
calculating disparity of the protrusion to be the difference between the
positions of the said right and left edges; and (vii) determining the distance of

10 the protrusion from the stereoscopic camera configuration utilizing the

disparity and the relative pose computed during calibration.

Preferably, the protrusion to be inspected in our method has at least
one of a round edge or ball tip, including pins of a pin grid array (PGA)

15 package, balls of ball grid array (BGA), and like microelectronic packages.

In another aspect of our invention, an apparatus is provided for 3-
dimensional vision inspection of non-planar objects, including microelectronic
components, wherein, for calibration and/or measurement purposes. Our

20 apparatus comprises:
(@) at least a pair of image capturing devices with similar interior
parameters arranged in a stereovision configuration;
(b)  a pair of reflective surfaces for reflecting an image of an object to be

inspected to be captured by each of said image-capturing means; and



(b) a pair of reflective surfaces for reflecting an image of an object to be
inspected to be captured by each of said image-capturing means; and 11 (c)
means for mounting said object to be inspected to enable said object's
image to be so reflected and so captured; wherein said object has a plurality
of co-planar protrusions on at least one ddrface or substrate. 5 Preferably,
the object to be inspected is placed within a ring of light source and is

illumipgted FH@%QWOPF%%I&P{%?QH&%@% HRUESHELIIRHS S B IR YR cr's

light-emitting diodes (LED) with their light beam positioned at about an

inclination gh2fytoyaysisdherriieatdadsorapesias. A background 10 light
source may preferably be further provided. As a preferred embodiment, the

image capturing devieesitosajafisbeet ltasree ppusaldyeoiramplgnabbestrasidriben at
frame grabbers are further preferably connected to a data processing means
via a high-s|sestl atstsuréaestar subst&iacluding an IEEE-1394 bus (also

known as "Firewire"). Preferably, the data processing means is a computer
c&pable of running at least a program for calibrating, rectifying and

processing captured images. In an alternative embodiment, our apparatus

may further THelBERRY a0 RIRGIHREE YaREFRT S RRCSS WitRh& fahant
processéurgé.eéﬁr 2y the g imads, capiuing e eR B IRGGA LR L8 brises
the pair of first two iImage
a plurality of light-emitting diodes (LED) with their light beam positioned at
about an inclination of 25° towards the object to be inspected. A background

10 light source may preferably be further provided.

As a preferred embodiment, the image capturing device comprises a
camera and a frame grabber, and the frame grabbers are further preferably
connected to a data processing means via a high-speed data transfer bus

15 including an IEEE-1394 bus (also known as “Firewire”). Preferably, the data
processing means is a computer capable of running at least a program for

calibrating, rectifying and processing captured images.

In an alternative embodiment, our apparatus may further including a

20 third image capturing device for another imaging process. Preferably, the
third image capturing device is placed in between the pair of first two image
capturing devices and is configured for inspecting another type of feature of

the object, or another type of object.



capturing devices and is configured for inspecting another type of feature of
the object, or another type of object. 12 In another alternative embodiment, a
calibration reticle for having its image captured for calibration process is
provided removably mounted. The reflective surfaces are preferably
positioned at an inclination of 5 about 2218 from parallel axis towards the
object to be inspected so that images of said object are reflected at parallel

into the Image GaRHINgARMIRRS e MbRAI cshes AMAMCARR BT BThaving its

invention may be better understood 10 with reference to the accompanying

drawingsganaphestetaledidesesip pest s sthegeieandn ge VAR mounted.
ACCOMPANYING DRAWINGS 15 The present invention will now be

described in detail with reference to the accompanying drawings that follows,
wherein specific embodiments are described as non-limiting examples or
illustrations Dieheelientkingsusfadrs ianeentieiel abiywifiochiti2068l GURE iD¢iméadion of
Art) shows a simplified configuration of two parallel- trained single-dimension
camerbsuligigeritieal prels! paianteuasiaiitogbigcinta asnirsirsied so that

imaging system such as HalconTM,; _ _ _
images of said object are reflected at parallel into the image capturing

devices.
These and other advantages of our invention may be better understood

10 with reference to the accompanying drawings and the detailed description in

the following.

LIST OF ACCOMPANYING DRAWINGS

15
The present invention will now be described in detail with reference to
the accompanying drawings that follows, wherein specific embodiments are
described as non-limiting examples or illustrations of the workings of the
invention, in which:
20

FIGURE 1 (Prior Art) shows a simplified configuration of two parallel-
trained single-dimension cameras with identical interior parameters employed
in a conventional imaging system such as Halcon™,;

FIGURE 2 shows a basic embodiment of an apparatus in elevation



FIGURE 2 shows a basic embodiment of an apparatus in elevation 13 view
which enables the method according to our invention; FIGURE 3 shows an
embodiment of an apparatus in schematic representation, which includes a
back light source for calibration purposes; FIGURE 4 shows a calibration
grid in form of a square block for use in F8alibration steps of our invention;
FIGURE 5 shows one embodiment of an apparatus in schematic

repregeiatiath 1 ABRREFROMAHRPEESBIRHE B BlenbA; second

embodiment of an apparatus in schematic representation, which includes a

third camergj@ligit usEeWRNchmigABIGINEN Ocilirarnalgsirarisnensiyhieastic
imaging; FIGURE 7 shows a third embodiment of an apparatus in schematic

repressprtaigomation jnameltioc yalap ades:kHIGHY Riti@ s fmvealib fatisthpurposes;
embodiment of an apparatus in schematic representation, for inspection
purposes; anGURE|G UMY slealisy atififttydehivoidinmenit afsguapgdeatutoiruse in
schematic representation, for inspection purposes. DETAILED

DE SCHRIpraloNHPSH G HMEeRI®BODIMENTS 20 In the general

embodiment of our invention's method may be |mPIemented by a

configuratiof gpﬁFar%eﬁﬂ%W?of’%epﬁWBngﬂ?é‘FaQ 1) ppparatus in schematic

representation, for inspection purposes;
FIGURE 6 shows a second embodiment of an apparatus in schematic
representation, which includes a third camera, a light source and mirrors for 2-
10 dimension/3-dimension lead imaging;
FIGURE 7 shows a third embodiment of an apparatus in schematic
representation, for inspection purposes;
FIGURE 8 shows a fourth embodiment of an apparatus in schematic
representation, for inspection purposes; and
15 FIGURE 9 shows a fifth embodiment of an apparatus in schematic

representation, for inspection purposes.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

20
In the general embodiment of our invention’s method may be
implemented by a configuration or arrangement of a pair of cameras (10, 12)
and other elements such as lighting elements including ring light (16) and

reflective surfaces or mirrors (18) as shown in FIGURE 2 in an elevation view.



and other elements such as lighting elements including ring light (16) and
reflective surfaces or mirrors (18) as shown in FIGURE 2 in an elevation
view. 14 Our novel method for 3-dimensional vision inspection covers objects
(14) such as micro-electronic components having features to be inspected
which may include input-output contact pdthts protruding from the package, 5
such as pins and balls of microelectronic packages, including pin grid array
(PGA) packages, ball grid array (BGA) and like packages. Our method
includes the steps of: (a) providing at least a pair of image capturing means

with similar ierigivelhRarvaaters Aifmegsensl &/sieremypiticoigerationiects
(b) calibrating each of said image capturing means to determine the interior

and eyisugrarasnetiers-efesaidnin agenpapturis havan se )iies niongea inspected
rectified coordinate system from the parameters of both image capturing
meanshiighemainéwtkideviapvitipetpolateetagseoditsl Bretoding ifmemetcamackage,
means with respect to the first image capturing means; (d) capturing an
infag8WiaASoBjeetabthBalks Rb dTier %MVQQ%W$MQ@@£aﬁtBng'd array

means, wherein said object having a plurality of co- planar protrusions and
said ﬁ&@ PaFKaRsPiLaY artbauey{BGaand 16 RARKRER® of each of said

protrusion; (e) rectifying coordinates of each image to produce a pair of
rectified

Our method includes the steps of:
(a) providing at least a pair of image capturing means with similar interior
10 parameters arranged in a stereovision configuration;

(b)  calibrating each of said image capturing means to determine the
interior and exterior parameters of said image capturing means;

(c) forming a rectified coordinate system from the parameters of both
image capturing means determined above with a relative pose of

15 second image capturing means with respect to the first image capturing
means;

(d)  capturing an image of an object to be inspected using each of said
image-capturing means, wherein said object having a plurality of co-
planar protrusions and said image captured is of at least one surface

20 curvature of each of said protrusion;

(e) rectifying coordinates of each image to produce a pair of rectified
images in the said rectified coordinate system;

) determining a conjugate point for the centre of each protrusion on each

of the pair of images captured; and



images in the said rectified coordinate system; (f) determining a conjugate
point for the centre of each protrusion on each of the pair of images
captured; and 15 (g) measuring the distance of each protrusion from at least
one of the image capturing means within the rectified coordinate system and
the co-planarity of the protrusions. 5 Thebretically after binocular calibration,
the distance of everything in front of the stereoscopic camera system can be

deterpgined pfaven tgudle thR ARG RABR (SURIQbRABMEIRdeR Aof the

from binocular calibration has a so-called "measurement plane" in it (world

coordinate @hage Daftiringtnigperiaimtiin AP ey ebedinBiacietdiv #M the
distance of all object points 10 falling within focusing range of the
stereoscopicaplaesndtgystera panrbsionseasured properly. Measurement plane
is more relevant for 2D measurement whereby the object is planar and

always physically situated on the measurement plane. 15 The term "image
capturing means" used herein is intended to include both the camera and
frame grabbdtieaREcnaftemaipeelar saliiaistatbe digmearfbyerybing in
term "at least a pair" covers two or more camera wherein at least two of the

camefQ8RE Sy SRIRRSSOPSCOHBRIR WIHE ThERNIRT AL SIRSE FYRP ARvRL e

are 0Pé|8{?\9el %%%em @Qtoerrig]ra ar}g;[nreetlearts t8e|rr|]\§gc? ?Fg]rg binocular calibration has a

so-called “measurement plane” in it (world coordinate of z = 0), it is not
important in 3D measurement. Practically, the distance of all object points
10 falling within focusing range of the stereoscopic camera system can be
measured properly. Measurement plane is more relevant for 2D measurement
whereby the object is planar and always physically situated on the

measurement plane.

15 The term “image capturing means” used herein is intended to include
both the camera and frame grabber. The camera may cover still camera or
video camera. The term “at least a pair” covers two or more camera wherein
at least two of the cameras are for stereoscopic vision while the third and
subsequent cameras are optional and may or may not relate to inspecting

20 Dball-like protrusions from an object to be inspected. “Exterior parameters”
includes the parameters defining the spatial arrangement of second camera

with respect to the first camera in world coordinate.

As shown in FIG. 2, the configuration of an apparatus which enables



20 ball-like protrusions from an object to be inspected. "Exterior parameters"
includes the parameters defining the spatial arrangement of second camera
with respect to the first camera in world coordinate. As shown in FIG. 2, the
configuration of an apparatus which enables 16 the calibration and/or
measurement step outlined above may cémprise of: (a) at least a pair of
image capturing devices with similar interior parameters arranged in a

stereqydsiaii: Qt9 URlBPm2 ARk A PRI ERTGHINE FHHBRE il EBHGHINEAN

image of an object to be inspected to be captured by each of'said
image-capturing means; (c) means for mounting said object to be inspected

to enable said object's image to be so reflected and so captured; wherein

said ¢hject hasleapturalifyadf ad-plange praipusiogs devated Ovgastsiméasuifaegor
or substrate. In one preferred embodiment of our method, step (g) concerning
measuring tha aliseigrscautwgeH jretalisionvisien aoldiger atimnof the image
capturing means and the calculation of co-planarity of the protrusions may 15

cmpide ofBEAIHRICAOM BVETREERTIEN tlaelingtas ISRl shiast to be

mathematical functions the distance of each of the protrusions from at least

one of the ifRSBELEHIRTRRILIRE BY&RFAN] SR MadtotPRIHRY MERides
the s(ep of caloulang e co: 2O PlANaLY & 15, RIUHSIPRS H359 SBdMieces
distance of each protrusion toform a

image to be so reflected and so captured;

wherein said object has a plurality of co-planar protrusions on at

10 least one surface or substrate.

In one preferred embodiment of our method, step (g) concerning
measuring the distance of each protrusion from at least one of the image
capturing means and the calculation of co-planarity of the protrusions may

15 comprise of determining from the rectified coordinates using established
mathematical functions the distance of each of the protrusions from at least

one of the image capturing means.

Preferably, the method further includes the step of calculating the co-
20 planarity of the protrusions based on the distance of each protrusion to form a

seating plane using standard best-fit plane algorithm.

Our method for 3-dimensional vision as described above may

preferably further include the calculation of the height of protrusion by the



seating plane using standard best-fit plane algorithm. Our method for
3-dimensional vision as described above may preferably further include the
calculation of the height of protrusion by the 17 following steps: (i)
approximating with a second plane, in addition to the first seating plane, that
is constructed with protrusions having godd co-planarity values; 5 (i) shifting
said second plane by the amount of nominal protrusion height to form the
subst{@ngvp@géﬁgq (iii) taking the height of a protrusion as the perpendicular
distance of said protrusion to the substrate plane. 10 The calibration step (b)

abovg)may prafgi@kinbergetaiminest bdraliane o dne@sHrengt Rleheeating
which may preferably be provided in the form of a calibration grid. The
determinationpéicenibgate ponstsucfezhalitpnattrsisiorsf stein(f) gdddmayplanarity
preferably include (i) locating in each rectified image, the edges of the object
to draw up thev@oeadaries of the object; and (ii) performing standard blob
analysis to locate the gross position of each protrusion. Preferably, step (f)
furthdfinclud Y iy ropsetisRrand diaeedeiedhagamadbiveionimiagh protrusion

protrusion to locate its top and bottom edges up to sub-pixel accuracy; (iv)
height to form the substrate pfane; and

(iii) taking the height of a protrusion as the perpendicular distance of said

protrusion to the substrate plane.

10 The calibration step (b) above may preferably be determined in relation
to a measurement plane which may preferably be provided in the form of a

calibration grid.

The determination of conjugate points of each protrusion of step (f)

15 may preferably include (i) locating in each rectified image, the edges of the

object to draw up the boundaries of the object; and (ii) performing standard

blob analysis to locate the gross position of each protrusion. Preferably, step

() further includes (iii) projecting two edge-detecting windows onto each

protrusion to locate its top and bottom edges up to sub-pixel accuracy; (iv)

20 projecting a third edge-detecting window from a central vertical position of the

protrusion to detect the left edge of the protrusion in right image and the right
edge of the protrusion in the left image up to sub-pixel accuracy; and

step (f) may preferably further includes (v) assigning conjugate points to be

the right and left edges of the protrusion.



20 projecting a third edge-detecting window from a central vertical position of
the protrusion to detect the left edge of the protrusion in right image and the
right edge of the protrusion in the left image up to sub-pixel accuracy; and
step (f) may preferably further includes (v) assigning conjugate points to be
the right and left edges of the protrusion. i As another preferred
embodiment, step (g) may preferably further includes the steps of (vi)
calculating disparity of the protrusion to be the difference between the
positions of the said right and left edges; and (vii) 5 determining the distance

of the protrysionftane therstereeseopioerieata sepfigyratian wibzngbiefurther
disparity and the relative pose computed during calibration. The measuring

of disitaticeesf dachsiemirosion)otaskapaiingndigpatitpreferadlprorclisitn(fo be the
calculating disparity of the protrusion to be the difference between the
positidifferehtte bewagatéponusititinsdefetmrirsiaig trighdistachdefordpes; and (vii)
protrusion from the stereoscopic camera system utilizing the disparity and

the relSiRFaBBRe ¢ofn gifemerfiglealiBraliBrionsTPshdlR] BEEASRARKEd Frifera
that the term "relative pose" is used in this specification to mean "exterior

pararfiRR A B R YARS dABHIHTRFHHY AN BLAINEr RAS50SRIBRY R aHYENT

to one ?%Oé[Fer as well as to the object to be examined. The "relative pose"
calibration " " :
term may also be taken to mean "3D poses" employed in HalconTM
methodology. In HalconTM, 3D poses means

The measuring of distance of each protrusion of step (g) may

10 preferably include (i) calculating disparity of the protrusion to be the difference
between the positions of the conjugate points. (ii) determining the distance of

the protrusion from the stereoscopic camera system utilizing the disparity and

the relative pose computed during calibration.

15 It should be explained here that the term “relative pose” is used in this
specification to mean “exterior parameters” of the image capturing means or
3D camera’s positions relative to one another as well as to the object to be
examined. The “relative pose” term may also be taken to mean “3D poses”
employed in Halcon™ methodology. In Halcon™, 3D poses means

20 representation of a rigid transformation with 6 parameters, i.e. 3 for rotation
and 3 for translation (Rotl, Rot2, Rot3, TransX, TransY, TransZ). The
principle of poses is that transformation around even an arbitrary axis can still
be represented by a sequence of 3 rotations around the X, Y and Z axes of a

coordinate system.



20 representation of a rigid transformation with 6 parameters, i.e. 3 for
rotation and 3 for translation (Rotl, Rot2, Rot3, TransX, TransY, TransZ).
The principle of poses is that transformation around even an arbitrary axis
can still be represented by a sequence of 3 rotations around the X, Y and Z
axes of a coordinate system. 19 As shows? in FIG. 2, the object to be
inspected is preferably placed within and is illuminated by a ring of light
source. The light source ring comprises a plurality of light-emitting diodes
(LED) with their light beam 5 positioned at about an inclination of 25 towards

the object t\besispeatedh & refetrablybje daekao b dellasal e fis-Abhplaced

provided. In one preferred embodiment, as shown in FIGURE 3, the cameras
are caithectedddsa itlatainece $sing means Vigha bogihespedthdaigHrasweirrebriag
10 including an IEEE-1394 bus (also known as "Firewire"). Data processing
meargomptiscioren pllisaibmplutightgraiisdfdiodaindlat M agtth ghegrdighfobeam
calibrating, rectifying and processing captured images is provided. Reflective
sorfabesitivagbeprdadeanatighnatfnalorboftawaldthe neiechipdieliaspected.
towards the object to be inspected so that ima%es of said object are reflected
15 atafanepintg Reekarayatbght aag eRBIEENRHPIAYdREpose of calibration
in steps (b) and/or (c), a "calibration grid", also called a "calibration reticle",
may be provided as a removably mountable block to have its image captured
by the Sterel%sggglgrg%wgaaembodiment, as shown in FIGURE 3, the cameras are
connected to a data processing means via a high-speed data transfer bus
10 including an IEEE-1394 bus (also known as “Firewire”). Data processing
means in the form of a computer capable of running at least a program for
calibrating, rectifying and processing captured images is provided. Reflective
surfaces may be provided at an inclination of about 22.5° from parallel axis
towards the object to be inspected so that images of said object are reflected

15 at parallel into the image capturing devices.

For the purpose of calibration in steps (b) and/or (c), a “calibration
grid”, also called a “calibration reticle”, may be provided as a removably
mountable block to have its image captured by the stereoscopic camera

20 system for the calibration process. The block is preferably a rectangular
board provided with an array of precision dots within a rectangular border, as
shown in FIGURE 4, may be used. As an exemplary calibration process, 20
positions of the dots may be captured within the field of vision of each of the

cameras. At least 10 of these positions may then be selected for the



20 system for the calibration process. The block is preferably a rectangular
board provided with an array of precision dots within a rectangular border, as
shown in FIGURE 4, may be used. As an exemplary calibration process, 20
positions of the dots may be captured within the field of vision of each of the
cameras. At least 10 of these positions &/ then be selected for the 20
calibration process. During the calibration process, the image pairs are read

in sequeRcRidn phialsthe locations of the dots within the border. As the
precise spatial 5 relationship among the dots are known, HalconTM

functions may be used to compute the interior camera parameters and the
spatial relationship between the two cameras. With these information, a
virtual stereDwamehe syditeatioccay extékactifie dnshgre paiaresa sysianséguence to
which the "rectified coordinate system" is determined with respect to the first
camedhtataritie esatisizhed the alaterditinotiiechosdeon TAS ntleghpthCl¥ee spatial
spatial arrangement of the cameras and lighting means may be varied
aCcorGiagansite rraaneshst gisopjectiews Eplaared dnacirneegsdberysed to

example, as shown in FIGURE 3, the object (14) which image is to be 15
capturBERHS, B pistel %ﬂf‘ﬁﬁ%%{%ﬁﬂ?&%ﬁ@ ShsviRaYAL ipiRdRLship between

illumipation to the ob'ecw 4), A backlight (20) may.additignally be provide
i e i R i R G e

need{b?ltege‘r“e%qmé%dsqg%%amera system” in which the “rectified coordinate

system” is determined with respect to the first camera, can be established

10 according to the Halcon™ method.

The spatial arrangement of the cameras and lighting means may be

varied according to the features of the object to be captured and processed.

For example, as shown in FIGURE 3, the object (14) which image is to be

15 captured, may be placed within ring light (16) to provide peripheral illumination
to the object (14). A backlight (20) may additionally be provided to provide

background illumination.

The images reflected from the object (14) need not be captured directly

20 by the cameras (10, 12). In fact, as the object size is likely to be a small
microchip as is the common form factor of microelectronic packages today, it
would be difficult to mount the cameras (10, 12) in parallel to capture the
images directly. It would be more practical to have the images captured by

the cameras (10, 12) indirectly, i.e. via reflective surfaces or mirrors (22, 24)



20 by the cameras (10, 12). In fact, as the object size is likely to be a small
microchip as is the common form factor of microelectronic packages today, it
would be difficult to mount the cameras (10, 12) in parallel to capture the
images directly. It would be more practical to have the images captured by
the cameras (10, 12) indirectly, i.e. via reBéctive surfaces or mirrors (22, 24)
21 so that the cameras (10, 12) may be placed apart but still parallel to each

other s Brgfarahly cHiferErerd (42) MR iSePiRsetidh She WA 01 ARl each

from the parallel axis to the object (or 67.5 inclination from the plane or field

of visigRddpoprisfaich itharbigst desbesapirackin RIGEe Rk &dblfe YRE-Siiiewson

an alternative arrangement wherein the object to be inspected (14) is still

placeglowitiia patamel A< RMRELBREERr FemeMsithibnfidhsRsraRa_NBEABId

the cameras are positioned at about 45 on each side from the incidental axis

of therpbisieh(dgonIhidsHER BHfesh@ytse e Rltesraiéds. embodiment

wherein the object to be examined is a leaded microelectronic package (15)

whierein is featured with leads (15a) protruding from the sides of the

package. The package (15) is shown picked up by a vacuum wand

comprising &IGiIRRea¢ {805 At glieknabverar@r)e masiokligreiothefieljrnt @4)e

may be provided so that the package (15) may be illuminated from the

backdreperies it fhissibelaseday a ring light comprising LED elements (17).
In this arrangement, the cameras are positioned at about 45° on each side
from the incidental axis of the object (14).

10

FIGURE 6 shows another alternative embodiment wherein the object to

be examined is a leaded microelectronic package (15) wherein is featured
with leads (15a) protruding from the sides of the package. The package (15)
is shown picked up by a vacuum wand comprising a pick head (30) and pick

15 arm (32). A backlight or reflector (34) may be provided so that the package
(15) may be illuminated from the background. Bar lights (36) are shown
provided to illuminate the sides of the package (15), particularly at the
peripheral parts where the leads protrude from the package body. Reflective
surfaces or mirrors (38) may be provided at the same level as the leads to

20 reflect the images to cameras (10, 12). Preferably, the images are

transmitted through optical elements (40), including non-linear optical

elements, filters, etc. to enhance the image’s contrast.

It is to be noted that a third camera (11) may optionally be provided at



provided to illuminate the sides of the package (15), particularly at the
peripheral parts where the leads protrude from the package body. Reflective
surfaces or mirrors (38) may be provided at the same level as the leads to 20
reflect the images to cameras (10, 12). Preferably, the images are
transmitted through optical elements (40 #ncluding non-linear optical
elements, filters, etc. to enhance the image's contrast. It is to be noted that a

third gamefadis L) rRLRRIPIAINAS BXRVART @b22 ShesnilsifomBeesss them

two cameras (10, 12) to enable the images from the package's underside be

captured Recraybreleiadisicome s e destified hagatosbsheoagracder rectified
peripheral images of the leads on each side of the package (15). As with the

pair dgansereas (38 patethietipiidrahrineigegd 19fStneajehdsconneatsd sideaof the
high-speed data transfer bus such as Firewire connection (or IEEE-1394

bus). PakageoCedsimysmeétingia pe fofraaoherasothPued) (Soiprthirdnepmera (11)
program for calibrating, rectifying and processing captured images may be
oftio2dly pfo\iaBaeAIed U RENUSHHRS S ArsaiffEiiRIBToPHfe SFingentdifvare
FIG. 3 wherein the third camera (11) is similarly provided as an optional

confiGPRRSHONN QAR dSRY RIR spRRR RIRFGSHIRsEMRAISR S Torm of a

cameras, Vi eo(5%§meras may be used Ior faﬁ. througthpel&.ﬁ(ﬁmm%tlon of the

microaleittbnic PACKAUELF HlIRErBjdels 13 BE B iRy ik et hiQiRe>d

?r::?/%?e%&féggn @ééés%% @g%@gﬁg\@v&g@dmy be used in line with each of
10 FIGURE 7 shows a modification of the arrangement of FIG. 3 wherein
the third camera (11) is similarly provided as an optional configuration.
Instead of using high speed date transfer bus and still cameras, video
cameras may be used for fast throughput examination of the microelectronic
packages or, other objects to be examined, wherein frame grabbers (42) (or
15 other external devices) may be used in line with each of the video cameras so
that the video images may be digitized for processing in the computer (50), as

shown in FIGURES 8 and 9.

Certain parallelization processes or parallel processing of images in

20 Halcon™ image functions and operators realized by multi-threaded
programming and multi-core processing means may be used to speed up
processing time. Other third party image processing algorithms, including
frame grabber interfaces, may also be used integrally with Halcon™ in

speeding up certain processes of our novel method described herein. Such



that the video images may be digitized for processing in the computer (50),
as shown in FIGURES 8 and 9. Certain parallelization processes or parallel
processing of images in 20 HalconTM image functions and operators
realized by multi-threaded programming and multi-core processing means
may be used to speed up processing tim&3 Other third party image
processing algorithms, including frame grabber interfaces, may also be used

integiaiyindt b1COBIM Ko $PEF AN HR FSAIMRI ORBESES ULUEIKN§éred as

method described herein. Such 23 modifications, extension or adaptations

are ngk e eoRYAENS S piepriterpreliam e stepradhiEindiesent following
invention as defined in the following claims. 24 CLAIMS We claim: 5 1. A
methothifas 3-dimensional vision inspection of objects, including
microelectronic components, having protrusions as features to be inspected,
wherein said protrusions having surfaces that are non-planar and/or
curvatures, said method comprising the steps of: (a) providing at least a pair

of image capturing means with similar interior 10 parameters arranged in a
stereovision configuration; (b) calibrating each of said image capturing means
to determine the



interior and exterior parameters of said image capturing means; (c) forming a
rectified coordinate system from the parameters of both image capturing
means determined above with a relative pose of 15 second image capturing
means with respect to the first image capturing means; (d) capturing an
image of an object to be inspected using ¢ch of said image-capturing
means, wherein said object having a plurality of co- planar protrusions and
said imageieaptured is of at least one surface 20 curvature of each of said
protrusion; (e) rectifying coordinates of each image to produce a pair of
rectified images in the said rectified coordinate system; (f) determining a
conjugate point for the centre of each protrusion on each of the pair of
imag®gecalpiored; and 25 (g) measuring the distance of each protrusion from
at least one of the image capturing means within the rectified coordinate
system and the co-planarity of the protrusions. 5 2. A method for
3-dimensional vision according to Claim 1 wherein step (g) measuring the
didtadce of SaftePietuSorP fREAIRAR YiROBf thePpRlge @hSRirRl mBaksling
and calculation of co-planarity of the protrusions comprising: determining

from RKTREGAEAMNG GRIRARENISiMA WaR BigHugions as featties to be inspected,

wherein said protrusions having surfaces that are non-planar and/or

curvatures, said method comprising the steps of:

(@)
10

(b)

(€)
15

(d)
20

(€)

(f)

providing at least a pair of image capturing means with similar interior
parameters arranged in a stereovision configuration;

calibrating each of said image capturing means to determine the
interior and exterior parameters of said image capturing means;
forming a rectified coordinate system from the parameters of both
image capturing means determined above with a relative pose of
second image capturing means with respect to the first image capturing
means;

capturing an image of an object to be inspected using each of said
image-capturing means, wherein said object having a plurality of co-
planar protrusions and said image captured is of at least one surface
curvature of each of said protrusion;

rectifying coordinates of each image to produce a pair of rectified
images in the said rectified coordinate system;

determining a conjugate point for the centre of each protrusion on each

of the pair of images captured; and



mathematical functions the distance of each of the protrusions from 10 at
least one of the image capturing means. 3. A method for 3-dimensional vision
according to Claim 1 further including the step of: (h) calculating the
co-planarity of the protrusions based on the distance of 15 each protrusion to
form a seating plane using standard bestd% plane algorithm. 4. A method for
3-dimensional vision according to Claim 3 further including the step of: 20 (i)

calcufgfing e lgighy AhiNSiRINELSIGNS AUCERBY BB PURSHTAE RIZ8EdRe of the

determined with reference to the rectified coordinates; and perpendicular

distance of pragesiaptipitiersehsiragnMane ifeda@n @R AOEYSION and the
height. 26 5. A method for 3-dimensional vision according to Claim 4 wherein

the protrusien-pkighiitg cldos latetuatfalows: (i) approximating with a second
plane, in addition to the first seating 5 plane, that is constructed with
protrusions having good co-planarity values; (ii) shifting said second plane

by the amount of nominal protrusion height to form the substrate plane; and
5 2 A method for 3-dimensional vision according to Claim 1 wherein step

(g) measuring the distance of each protrusion from at least one of the image
capturing means and calculation of co-planarity of the protrusions comprising:
determining from the rectified coordinates using established
mathematical functions the distance of each of the protrusions from

10 at least one of the image capturing means.

3. A method for 3-dimensional vision according to Claim 1 further
including the step of:

(h)  calculating the co-planarity of the protrusions based on the distance of

15 each protrusion to form a seating plane using standard best-fit plane
algorithm.
4, A method for 3-dimensional vision according to Claim 3 further

including the step of:
20 (i) calculating the height of the protrusions wherein:
- the substrate plane is determined with reference to the rectified
coordinates; and
- perpendicular distance of protrusion to the substrate plane is

taken as the protrusion height.



(iii) taking the height of the protrusion as the perpendicular distance of 10

said protrusion to the substrate plane. 6. A method for 3-dimensional vision
according to Claim 1 wherein the calibration in step (b) is determined in
relation to the measurement plane. 15 7. A method according to Claim 6
wherein the measurement plane is provid in the form of a calibration grid.

8. A method for 3-dimensional vision according to Claim 1 wherein the
conjugate points of each protrusion being determined in step (f) includes 20

() locating in each rectified image, the edges of the object to draw up the
boundaries afrieenel]ast3anthéhsreTAPUBIDE S620BERAY RIabIaRaly sis to locate
the gross position of each protrusion. 27 9. A method for 3-dimensional
visiorwheceirdihg podiiasinnlheigiteicaiepl 4tk tLathiimedudes (iii) projecting two
edge-detecting windows onto each protrusion to locate its top and bottom
edgeé)up to sabppirénadogradih B (Boprsjeekang aithaddidiye Weteetiitgt seating
window from a central vertical position of the protrusion to detect the left

eflge of the prdIg#08idAaH iFiGRDFHAGEBNAthBrAlHsieagdaYife gret Sioianarity
the left image up to sub-pixel accuracy; and (v) assigning conjugate points to
be right and 1&f8485es of the

(i) shifting said second plane by the amount of nominal protrusion

height to form the substrate plane; and

(i) taking the height of the protrusion as the perpendicular distance of
10 said protrusion to the substrate plane.
6. A method for 3-dimensional vision according to Claim 1 wherein the

calibration in step (b) is determined in relation to the measurement plane.

15 7. A method according to Claim 6 wherein the measurement plane is

provided in the form of a calibration grid.

8. A method for 3-dimensional vision according to Claim 1 wherein the
conjugate points of each protrusion being determined in step (f) includes
20 (i) locating in each rectified image, the edges of the object to draw up
the boundaries of the object; and
(i) performing standard blob analysis to locate the gross position of

each protrusion.



10 protrusion. 10. A method for 3-dimensional vision according to Claim 9
wherein step (g) further includes (vi) calculating disparity of the protrusion to
be the difference between 15 the positions of the said right and left edges;
and (vi determining the distance of the protrusion from the stereoscopic
camera configuration utilizing the disparity/and the relative pose computed
during calibration. 20 11. A method for 3-dimensional vision according to any
one of the prereging FRISGIWERIRIAING REAIMSIBRINELE RSRRTIEdARRAT step
least one of a round edge or ball tip, including pins of a pin grid array (PGA)
packageuRpdsireilalsgrid array (BGA), and like microelectronic packages.

28 12. An apparatus for 3-dimensional vision inspection of non-planar

objec(si) includiogatirggoelectiaiye-cerspimgnidnddveseiomtor eadiipraticinusion to
and/or measurement purposes, said apparatus comprising: (a) at least a pair
of image captindaiedisvicpsundthasintiegdaeasriap t6 pevapixeterecareasged in a
stereovision configuration; (b) a pair of reflective surfaces for reflecting an
infagé\of an oB[@iﬁQWBeairi&ﬁéc@@ﬁﬁ)@%%éﬁﬂ&:ré@ﬁ@@aﬁﬁ’ﬂf daRentral vertical

image-capturing means; and (c) means for mounting said objectto be = |
inspected to eg%q@gﬁhtgsjg@gusmn to detect the Ieft edge oOf the protrusion in

right image and the right edge of the protrusion in the left image up
to sub-pixel accuracy; and
(v) assigning conjugate points to be right and left edges of the

10 protrusion.

10. A method for 3-dimensional vision according to Claim 9 wherein step

(g) further includes

(vi) calculating disparity of the protrusion to be the difference between
15 the positions of the said right and left edges; and
(vii) determining the distance of the protrusion from the stereoscopic

camera configuration utilizing the disparity and the relative pose

computed during calibration.

20 11. A method for 3-dimensional vision according to any one of the
preceding claims wherein the protrusion to be inspected has at least one of a
round edge or ball tip, including pins of a pin grid array (PGA) package, balls

of ball grid array (BGA), and like microelectronic packages.



image to be so reflected and so captured; 10 wherein said object has a
plurality of co-planar protrusions on at least one surface or substrate. 13. An
apparatus for 3-dimensional vision inspection according to Claim 12 wherein
the object to be inspected is placed within a ring of light source and is 15
illuminated thereby. 14. An apparatus forZdimensional vision inspection
according to Claim 13 wherein the light source comprises a plurality of

light-gpitting digaes {1 K03 With-RaY; JeAL REBMIRISHABRGAHER YA ob#'ects,

inclination of 25 towards the 20 object to be inspected. 15. An apparatus

or

3-dimapsiging! visiendlsaasiion asapieirats Claerdid, whereipafitragkarodndor
light source is further provided. 29 16. An apparatus for 3-dimensional vision
inspecttas wecosdimuitpdStansdid apparainstbenpasgjegcapturing device
comprises a camera and a frame grabber. 5 17. An apparatus for
3-dim@hsiordl \ésisin tspaictioh dcegelirpetudhaindesioasevdth tisinfilaménterior
grabbers are connected to a data processing means via a high-speed data
transfer buPRATEIRSA APEIBRHRIS PHISOKABWIW BRI rewire™). 10 18,

An apparatus for 3-dimensjonal vision inspection according to Claim 17

wheréM thetiREY SbtlESHYenTEERSSS LESRSEEIGCARABIAY%S: Rl RPiEceiRsPe

10

15

20

inspected to be captured by each of said image-capturing means; and
(c) means for mounting said object to be inspected to enable said object’s
image to be so reflected and so captured;
wherein said object has a plurality of co-planar protrusions on at

least one surface or substrate.

13.  An apparatus for 3-dimensional vision inspection according to Claim 12
wherein the object to be inspected is placed within a ring of light source and is

illuminated thereby.

14.  An apparatus for 3-dimensional vision inspection according to Claim 13
wherein the light source comprises a plurality of light-emitting diodes (LED)
with their light beam positioned at about an inclination of 25° towards the

object to be inspected.

15.  An apparatus for 3-dimensional vision inspection according to Claim 14

wherein a background light source is further provided.



a program for calibrating, rectifying and processing captured images. 19. An
apparatus for 3-dimensional vision inspection according to any one 15 of
Claims 12 to 18 further including a third image capturing device for another
imaging process. 20. An apparatus for 3-dimensional vision inspection
according to Claim 19 wherein the third id%age capturing device is placed in
between the pair of first 20 two image capturing devices and is configured for

Inspeggng aRplistHuie o aaiiR MiMIARSS! RS SEIUBS LBIRIR PRIRSHaif 12

An apparatus for 3-dimensional vision inspection according to Claim 12
whergineteialiiatipndgéicleafenmayir@iisdmagarrieirad dameadibeaitpra3@ame
process is provided removably mounted. 22. An apparatus for 3-dimensional
visiorgrabpection according to Claim 12 wherein the reflective surfaces are
positioned at an inclination of about 22.5 5 from parallel axis towards the
object to be inspected so that images of said object are reflected at parallel
into the image capturing devices. 23. An object which has been inspected
a€corbiing aft) BABGRRE IRcIHEEIS BT ONaIMISION MERACHMM ¢rafsigdasiaim 16
according to any one of Claims 12 - 22. 10 24. An object according to Claim

23 wHERTRAMFOA Qrﬁl‘?@ﬁf@|é_&?r&ﬂWﬁﬁe&ai?a"’}r%@/t?iﬁ%)eéﬁ@%&iﬁﬁﬂa via a
array (86 packages 254 AU WIS AN RAIRYS 50109 108N as

one o

“Firewire”).

10 18. An apparatus for 3-dimensional vision inspection according to Claim 17
wherein the data processing means is a computer capable of running at least

a program for calibrating, rectifying and processing captured images.

19.  An apparatus for 3-dimensional vision inspection according to any one
15 of Claims 12 to 18 further including a third image capturing device for another

imaging process.

20.  An apparatus for 3-dimensional vision inspection according to Claim 19
wherein the third image capturing device is placed in between the pair of first
20 two image capturing devices and is configured for inspecting another type of

feature of the object, or another type of object.

21.  An apparatus for 3-dimensional vision inspection according to Claim 12

wherein a calibration reticle for having its image captured for calibration



15 is installed.

10

15

30

process is provided removably mounted.

22.  An apparatus for 3-dimensional vision inspection according to Claim 12
wherein the reflective surfaces are positioned at an inclination of about 22.5°
from parallel axis towards the object to be inspected so that images of said

object are reflected at parallel into the image capturing devices.

23.  An object which has been inspected according any one of the methods

of Claims 1 — 11 or with an apparatus according to any one of Claims 12 — 22.

24.  An object according to Claim 23 which is any one of a microelectronic

pin ball array (PGA) and ball grid array (BGA) packages.

25. A facility wherein an apparatus according to any one of Claims 12 to 22

is installed.





