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APPARATUS AND METHOD TO MEASURE THREEDIMENSIONAL DATA

v

The present invention relates to apparatuses and methods to measure three-
dimensional data, namely to measure not only length and width of objects but
also their height as well as their relative distance to the observer.

Humans use two eyes to measure three-dimensional (3-D) objects, for instance
length, width and the third dimension - height. This third dimension can also
be referred to as distance away from the viewer.

This invention presents a novel apparatus and method to measure 3-D data of
length, width and height. For the purpose of this invention, the term height
and distance can be used interchangeably.

In order to make the field of the invention more readily understandable the fol-
lowing general remarks are provided with respect $o the following known appa- -
ratuses and methods to measure 3-D data:

1. Stereoscopic Vision
2. Depth from Focus
3. Laser Range Finding

4\Structured lighting

1. Stereoscopic Vision

It is well known that the measurement of two dimensions (2-D) can be per-
formed with one eye or one view. To measure the third dimension, a second eye
or a second view is required. However, a single eye can produce two or more
views if the eye is moved in a corresponding position for each view or if the
object is moved in position relative to the eye.

In general, numerous devices are available to measure the third dimension
using the methodology of stereo vision or stereopsis. Fig. 1 shows a convention-



In order to make the field of the invention nore readily understandabl e the

fol- low ng general remarks are provided with respect to the foll ow ng
known appa- ratuses and nethods to neasure 3-D data: 1.

St ereoscopi ¢ Vi sion 2. Depth from Focus 3. Laser Range
Fi ndi ng ' 4. Structured lighting -2- Stereoscopic Vision It is

wel |l known that the nmeasurenent of two dinmensions (2-D) can be per- forned
with one eye or one view. To neasure the third dinmension, a second eye or a
second vi e ui rred. However eye can produce two or npre
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wherein two images of the object to be observed (one in each camera) are gener-
ated. '

Fig. 2 shows another conventional solution using a single video camera 2 and
Iens 3 used in conjunction with a set of mirrors or prismatic mirrors 4. Again,
the paths along which the rays of light travel during image formation are non-
parallel. Once again, this leads to the creation of two images within the single
video camera 2.

However, the known methods as explained in conjunction with Fig. 1 and 2
which make use of non-parallel light rays for generating at least two images of
the object to be viewed are relatively complex and bulky due the number of in-
dividual components used and the space that has to be provided for the travel-
ling non-parallel light rays. : '

2. Depth from Focus

It is also possible to measure the third dimension by using a single view from a
single imaging sensor. This is for example performed by using an optical
imaging system, for instance a microscope, with an extremely narrow depth of
field. The microscope is mounted vertically on a calibrated stand. To measure
the height (z-axis), the microscope is moved up and down until the point of
interest is in focus. The height data on the calibrated stand provides the height
measurement. Multiple points can be measured in this way. However the
disadvantage of this method is the slow speed in taking measurements, as
servo-mechanical means have to-be used to focus the optical imaging system
from one point to next. Further details may be found in Fig. 3 in which a came-
ra 2 is shown with a lens 3 having an extremely narrow depth of field. The
camera 2 and lens 3 may be moved up and downwards relative to an object to
be observed along a calibrated stand 5 with a height meter 6 indicating the
temporary position of the camera 2 and lens 3. The distance of an object to be
observed corresponds to the reading on the calibrated height meter 6 where the



- 2- al solution using two i maging devices 1 (for instance two video
caneras 2 and | enses 3) wherein the paths al ong which the rays of |ight
have travelled during i mage formation are non-parallel due to the use of
conventional |enses and wherein two i mages of the object to be observed
(one in each canera) are gener- ated. Fig8-2 shows anot her conventi onal
solution using a single video canera 2 and lens 3 used in conjunction with
a set of mirrors or prismatic mrrors 4. Again, the paths along which the
rays of light travel during jna formati on are non- parallel. Once agajin,
this | eadsinegs slthe ehiectopraduced by, thejens andramenacisdinfgrus. it dlnered 2.

However, tdjeotihapwisd @isbadsd as expl ained in conjunction with Fig. 1 and 2
whi ch nake use of non-parallel light rays for generating at |east two

i mages of the object to be viewed are rel atively conpl ex and bul ky due the
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The third dimension of distance can also be obtained by using a pulsed or
amplitude modulated wave or computing the phase changes in a transmitted
and reflected wave. Laser, radar and ultrasound devices (so-called sonar devic-
es) are examples of apparatus using this art. The measurement may be based
on interferometry or echo detection techniques. These techniques require ex-
pensive and highly sophisticated opto-electronic apparatus comprising inter al-
ia transmitters, wave guiding means and receivers for the travelling waves
which are directed to and reflected back by objects to be observed.

4. Structured lighting

Structured lighting involves the projection of a light pattern on the surface of
an object to be viewed and viewing the reflected light from one or more
different angles, or the study of shadows as produced by the projected light. A
classical example of structured lighting is a sundial.

Examples of structured lighting include the projection of a point of light, a line
or a grid onto the object surface from an angle and viewing the light pattern
using a video camera from a different angle. The light projection and the
camera are analogous to the use of two views.

In view of the disadvantages of the above mentioned prior art techniques it is

an object of the present invention to provide in addition to the known appara-

tuses and methods for measuring 3-D data a simplified apparatus and a simpli-
' fied method for measuring three-dimensional data.

In particular it is an object of the present invention to provide an apparatus



i ng non-parallel |ight rays. 2. Depth fromFocus It is also possible
to neasure the third dinension by using a single view froma single imging
sensor. This is for exanple perforned by using an optical inmaging system
for instance a mcroscope, with an extrenely narrow depth of field. The

m croscope is mounted vertically on a cal-idrated stand. To nmeasure the

hei ght (z-axis), the mcroscope is noved up and down until the point of
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hei ght m:"tﬁnot(ixer O%Ject or%%he present invention is to provide an apparatus and a meth-

od for measuring 3-D data in which there is no need for sophisticated opto-elec-
tronical apparatus.

Yet another object of the invention is to provide an apparatus and a method for
measuring 3-D data in which analyzing 3-D data may be performed with a con-
ventional computing machine such as a standard micro-processor based person-
al computer without the need for extremely high computational power required
for performing highly complex and time consuming mathematical operations
for extracting relevant 3-D object data such as length, width and height from
image data provided by an imaging means.

These objects are accomplished by an apparatus according to independent ap-
paratus claim 1 and a method according to independent method claim 2.

The dependent claims relate to further advantageous embodiments of the
present invention.

The features and advantages of the present invention will be more readily ap-
parent from the following detailed discussion of preferred embodiments in con-
junction with the enclosed drawings:

Fig. 1 shows the use of two video cameras and lenses in conventional
stereo vision;
Fig. 2 shows a conventional use of mirrors with one single video camera

and lens to obtain stereo vision;

Fig. 3 shows the conventional use of a fravelling microscope with
- UP/DOWN movement for focus adjustment whereby the depth or



- 3- | mage of the object produced by the lens and canera is in focus, i.e.
not blurred or otherw se distorted. 3. Range Finding The third

di mensi on of distance can al so be obtained by using a pul sed or anplitude
nodul at ed wave or conputing the phase changes in a transmtted and

refl ected wave. Laser, radar and ul trasourfd- devi ces (so-called sonar devic-
es) are exanples of apparatus using this art. The neasurenent nmay be based
on interferonetry or echo detection techni ques. These techni ques require
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Fig. 4 shows an apparatus for measuring 3-D dimensional data according
to the invention; '

Fig. 5(a) shows a single camera view composed of a left and right image oi)—
tained by the use of the stereo image beam splitter as shown in Fig.
4;

Fig. 5(b) shows the functional equivalence of the apparatus shown in Fig. 4 if
two cameras are used;

Fig. 6 shows the paths of rays of light travelling through an uncoated
right angle prism.

Fig. 7 shows the representation of a 3-D coordinate system of a point in
space h; with the coordinates (xy, yy, 21);

Fig. 8 shows in a diagrammatic representation the two paths travelled by
the twin rays of light from the point h,(x;, ¥;, 2) shown in Fig. 7
through the stereo image beam splitter shown in Fig. 4.

Fig.9 shows in a diagrammatic representation corresponding to the one
shown in Fig. 8 more image points and their respective relation-
ships; .

Fig. 10 shows in a diagrammatic representation corresponding to the one

shown in Fig. 8 the effect of a misaligned prism and the resulting
skew in the left and right images in the apparatus shown in Fig. 4;

Fig. 11 shows the use of a flat calibration device placed flat in reference to
the stereo image beam splitter shown in Fig. 4;

Fig. 12 shows an elevated triangle (wedge) used as a calibration device for
the z- and y-axes in reference to the stereo image beam splitter
shown in Fig. 4;

Fig. 13 shows the use of a composite calibration object for use in calibrating
all three dimensions;



4. Structured lighting Structured lighting involves the projection of a
light pattern on the surface of an object to. be viewed and view ng the
reflected light fromone or nore different angles, or the study of shadows
as produced by the projected light. A classical exanple of structured
lighting is a sundial. Exanples of structgired |ighting include the
projection of a point of light, a line or a grid onto the object surface
froman angle and vi ew ng t he Iight pattern using a video canera from a

di fferent angl.e. ro t|o nd the, canerg are anal pgoys to the
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alignment of the prism relative to the telecentric lens and the came-

ra,

Fig. 16(a) shows the use of an integrated light source using transparent glass
as a flat surface on which a stereoscopic prism used in the appara-
tus shown in Fig. 14 is aligned.

Fig. 16(b) shows an integrated -light source as used in an integrated light-
mounting feature shown in Fig. 16(a) which uses an appendum of
discrete LEDs or a continuous strip of fiber light;

Fig. 17 shows the use of two concentric barrel extensions to allow for the
rotation of the stereo image beam splitter shown in Fig. 4;

Fig. 18 shows the use of a tri-image beam splitter in an apparatus accord-
ing to the invention;

Fig. 19 shows the use of a coaxial beam splitter in an apparatus according
to the invention to allow for light projection through the plan sur-
face of the tri-image beam splitter shown in F1g 18;

Fig. 20 shows the height profiling of a wire as performed by the use of an
apparatus according to the invention;

Fig. 21 shows the height profiling of a skewed wire that is not horizontally
orientated in a representation corresponding to Fig. 20;

Fig. 22 shows the limitation of height profiling of a horizontally orientated
wire in a representation corresponding to Fig. 20;

Fig. 23 shows the use of a quad-image pyramidal beam splitter;
Fig. 24 shows the use of a penta-image truncated pyramid prism;

Fig. 25 shows the flowchart of the soﬂ:wafe procéss and methodology;



-4- and a nethod for neasuring 3-D data in which only a single eye or a
single view are needed. Another object of the present invention is to
provi de an apparatus and a neth- od for neasuring 3-D data in which there
is no need for a calibrated high-preci- sion height nmeter indicating the
tenporary position of the view ng eye. Anpther object of the present

I nvention is to provide an apparatus and a neth- od for neasuring 3-D data
in which there is no need for sophisticated opto-el ec- tronical apparatus.
Yet anot her, object of the invention is to provide an apparatus and a net hod
for nmeasurlfigg28 @ cerd(®h whi ch analyzing 3-D data may be performed with a

con- ventional CcOMHdw ehéRoWcBarS eac%lﬁrﬁﬁgﬁ%b%%ﬁgso-processor based

person- al conputer wthout the need for extrenely Conput ati onal power
required Fig. 27 shows the flowchart of the teaching sub-process;

Fig. 28 (a) shows the 3-D view of an inverted semiconductor device;

Fig. 28 (b) shows the side view of the semiconductor device shown in Fig. 28(a)
and highlights the height variation in the leads;

Fig. 29 shows the height profiling of the leaded semiconductor device
shown in Fig. 28(a) and 28(b);

Fig. 30 shows the line projected onto the surface of a leaded semiconductor
device with bumps;

Fig. 31 shows the use of a tri-beam splitter with an integrated light
_projection system in an apparatus according to the invention;

Fig. 32 shows the use of incremental scanning along the horizontal axis in
a method according to the invention;

Fig. 33(a) and (b)
shows schematically a plan view and a perspective view of a ball
grid array (BGA) with an array of solder balls and

Fig. 34 shows the height profiling of a BGA by using the method according
to the invention incorporating a line projection.

Fig. 4 shows a apparatus to measure three-dimensional data according to the
invention which consists of: '

a light source 8 for illuminating an object 7 to be viewed,

a stereo image beam splitter 11 as means for generating multiple
parallel bundles of parallel light rays emitted from the illuminated object 7,
each of said parallel bundles of parallel light rays containing image information
of the object 7 to be viewed and said parallel bundles of parallel light rays being
separated from each other,

a telecentric lens 9 as means for collecting the light rays in said par-



for performng highly conplex and tine consum ng nmat hemati cal operations
for extracting rel evant. 3-D object data such as |ength, w dth and hei ght
frominmage data provided by an inmaging neans. These objects are
acconpl i shed by an apparatus according to i ndependent ap- paratus claim1l
and a nethod according to i ndependent net-l®d claim 2. The dependent clains
relate to further advantageous enbodi nents of the present invention. The

features and advant ages of the present invention will be nore readily ap-
parent fro e f 0 ed dis si on é‘preferred enbodi nents in
Pone "} uncalist Rimedles opumifel Lght s Ang direcing (hom on AL BAGHEIRERSE of o
vi deo caneras and | enses in conventlonal stereo vision; Fig. 2

shows a convent i onal imagingfsensor and iniage %mamongi@lw emh @arsevideo came-
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adj ust nentligiterastsy wineredie rpachoimage corresponds to one specific parallel bundle of
parallel light rays and wherein the generated images are separated from one
another in a two-dimensional imaging area describable by a set of two coordi-
nate axes;

an analytical device 10 making use of analytical device software as
analyzing device for extracting length, width and height information of the ob-
ject to be viewed from the coordinate values of the points of incidence of corre-
sponding light rays originating from the very same point of the object 7 to be
viewed but travelling in different bundles of parallel light from the object to
said two-dimensional imaging area.

A preferred embodiment of the apparatus according to the invention is shown
in Fig. 14, wherein a micro-processor based personal computer 10 is connected
to a video camera 2 via an interface cable 16. The video camera 2 has a
telecentric lens 9 attached thereto. A wedge shaped prism serving as stereo im-
- age beam splitter 11 is aligned and attached to the telecentric lens 9 using a
barrel extension 17. An object 7 to be viewed illuminated with a light source 8.

Image information contained in the parallel bundles of parallel light rays pass-
ing through opposite sides of the stereo image beam splittér 11 is displayed in
different parts of an imaging area in the video camera 2 and subsequently
transferred via the interface cable 16 to the PC 10 wherein the analytical
results are shown on the PC and appropriate actions taken.

Imaging sensor and image formation device

This invention utilises either a one-dimensional (1-D) or two-dimensional (2-D)
imaging sensor to sense the formation of the image as formed on an imaging
plane. The imaging sensor used is one with a multitude of pixels, with each
pixel sensing the intensity of the formed image. Any sensor of visible and non-
visible light that serves this purpose can be used. Examples of such sensors are



- 5- hei ght is obtained fromthe distance travelled in the

UP- DOWN di - rection of the travelling mcroscope; Fig. 4

shows an apparatus for neasuring 3-D dinensional data according

to the invention; Fig. 5(a) shows a single canera view conposed of a |eft

and right inmage ob- tai ned by -the use of the stereo image beam
splitter as shown in Fig. 4, Fig. 5(b) shows the functiona
equi val ence of the apparatus shown in Fig. 4 if two caneras are
used; -

a video camera, a line scan camera and an X-ray imaging sensor.

The parallel rays of light as shown depict the paths travelled by the light with
the use of a telecentric lens. There is no parallax or perspective distortion with
the use of the telecentric lens 9.

Consideration should be taken to ensure that the image formation device, for
instance an optical lens, has a large depth-of-field. This is in contrast to a prior
art, which computes depth from focus as discussed above in conjunction with
Fig. 3. Depth from focus requires a very narrow depth-of-field. Careful selection
of the focal length and focal distance is also required so as to maintain the
region of interest of the object within the field of view of the imaging sensor.

As a further feature, this invention utilises a telecentric lens 9 so as to allow for
simplicity in computation and analyses. A telecentric lens unlike a normal lens
provides a parallel viewing angle without parallax or perspective distortions as
shown in Fig. 4. A standard non-telecentric lens, for instance a 50 mm Macro
optical lens, can also be used with the invention with additional computation
required during the analyses.

In a different embodiment of the invention, the invention also utilises a
telecentric lens of variable magnification, similar to a zoom lens. This allows
the object under view to be seen with a variety of magnifications for the pur-
pose of viewing different details of one or more objects. Alternatively, the zoom

feature of the telecentric lens provides the convenience of setting up the
optimal field of view of the invention. |

Stereo Image Beam Splitter / Bi-image Beam Splitter

In a first preferred embodiment of the present invention there is used a single
imaging sensor and image formation device with a stereo image beam splitter
to obtain a pair of stereo images. An example of a stereo image beam splitter
used in this invention is an uncoated right-angle prismatic device 11 as shown
in Fig. 4 or Fig. 14.

Fig. 5(a) shows a single camera view composed of a left and right image from



Fig. 6 shows the paths of rays of light travelling through an uncoated

right angle prism . Fig. 7 shows the representation of a 3-D coordinate
systemof a point in space h[err] with the coordinates (x[err],
Y[err], z[err]);, Fig. 8 shows in a diagrammtic representation the two
pat hs travel |l ed by the twin rayg-of |light fromthe point
h[err](x[err], y[err], z) showmn in Fig. 7 t hrough the stereo’

I mage beamsplitter shown in Fig. 4. Fig. 9 shows in a diagrammtic

representagion c es ondi,ng tqQ the o shown in Fig. 8 nore
i mage poi 4028 USRE® tt Stereg dmage; éPﬁWWJaSSh"WQmFl%rﬁ -ps; Fig. 10
shows in a diagrammtic representati on corresponding to the one
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shown in %‘18 5(a) is a simple representation of the rays of light being split by the prism

and being formed through the telecentric lens 9 onto the imaging sensor. The
resultant left and right image as seen by the imaging sensor are represented in
this drawing. For simplicity, the optical elements representing the telecentric
lens 9 are not shown and the inversion of the image due to proper optical ray
tracing is simplified and not shown.

The left and right images although similar are not identical. The composite
image is equivalent to a combined view of two imaging sensors - one displaced
to the left and at an angle and the other displaced to the right angled as shown
in Fig. 5(b). These two images make up the stereoscopic pair.

Fig. 5(b) shows the functional equivalence of the apparatus shown in Fig. 4 if
two cameras 2, 2' are used — one displaced to the left and at an angle and the
other displaced to the right and at an angle. The rays of light are parallel due
to the use of two telecentric lenses 9, 9'.

Fig. 6 shows the paths of rays of light travelling through an uncoated right
angle prism 11. In this case, the differential angle of the stereo pair of the left
and right image is o + B = 45 degrees.

For instance, if the invention uses a right angle prism with an appropriate
refractive index, a viewing angle of 22.5 degrees from the vertical can be
obtained by both the left and right views. The differential angle between the
two stereo pairs would be 45 degrees as shown in Fig. 6.

The choice of the right angle in the prism is one of convenience. Any prism with
a narrower or wider apex angle can be used provided that both the left and
right images contain the object of interest.

The prism can also be made using a variety of materials and refractive indices,



Fig. 13 shows the use of a conposite calibration object for use in

cal i brating all three di nensions; .

- 6- Fig. 14 shows a preferred enbodi nent of a conpletely assenbl ed
appar a- tus according to the invention; Fig. 15 shows the
nounting feature of an apparatus as shownijn Fig. 14 wherein a
barrel extension is used to provide convenience in al i gnnent of
the prismrelative to the telecentric I ens and the came- ra;

Fig. 16(a) Shows the use_of an_integrated Iitght, sour.ce using transparent

gl ass such as glagsyor plastio, @ther examplesrofapEsmescthatogan: bgrneed ineluden

the appar gairs of Brewster or wedge prisms or Pentagon prisms. The differential angle
between the two stereo pairs also need not be strictly 45 degrees, and
alternative angles can be used.

Although a right angle prism is readily available and used as a right angle
reflector or other purposes, this invention uses the uncoated right angle prism
in a novel manner to split a single view of an object into two views.

Light source

Ina preferred embodiment this invention uses an uncoated prism rather than a
multitude of mirrors, or their prismatic equivalent.

However, the use of prisms produces a prismatic effect of dispersing white
light. When white light is refracted twice through the prism, the white light is
dispersed into the various spectra of colours, not unlike the rainbow. This effect
although favorable in other applications, distorts the image in the invention.
This chromatic aberration blurs the image.

At low magnification of the image, this effect can be ignored, as the image
quality is still acceptable for viewing and for low-resolution measurements.
However, at high magnification and for high-resolution measurements, these
distortions interfere with the measurement accuracy. )

To overcome this aberration, this invention uses a light source with a
monochromatic light with a narrow spectrum or light with a singular
frequency. An example of light with a singular frequency would be an array of
red Light Emitting Diodes (LEDs) as the light source. Any colour laser or laser
diode can also be used to achieve the same effect. White light can also be
filtered with a narrow band filter or the imaging lens can be fitted with such a
filter.

If colour imagery is reéuired, the invention separately lights the object with
three coloured lights - Red, Green and Blue for inistance - to build up the colour
image.



tus showmn in Fig. 14 is aligned. Fig. 16(b) shows an integrated |ight

source as used in an integrated |ight- nmounting feature shown in
Fig. 16(a) which uses an appendum of di screte LEDs or a
continuous strip of fiber light; Fig. 17 shows the use of two concentric
barrel extensions to allow for the -12. rotation of the stereo imge
beam splitter shown in Fig. 4, Fig. 18 shows the use of a tri-inmge beam
splitter in an apparatus accord- ing to the invention; Fig. 19

shows the use of a coaxial, beamsplitter in agogggarat us according .,
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4 By means of such a placement of a light source 8 the object 7 to be viewed

can be homogeneously illuminated.
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Analytical Device

The invention makes use of an analytical device 10 to compute the three
dimensions of the object as shown in Fig. 4.

In this invention, the analytical device is a computational machine which
allows a sequence of instructions to be carried out and means to input and
output information. The sequence of instructions is the software of the
analytical device. An example of an analytical device is a Personal Computer
(PC). The PC used in this invention has means of interfacing with the imaging
sensor, other analytical devices, machines and humans.

In this invention, the analytical device is capable of converting the image
formed on the image sensor into information or data which can be computed
‘and analysed by the analytical device. For instance, the image can be
" decomposed into a 1-D or 2-D array of pixels with digital intensity information.

Analytical Device Software

The simplicity of the invention can only be appreciated when one considers the
simplicity in 3-D computation and analyses required using this invention.

Conventional stereoscopic imaging systems require the use of complex 3-D
computation to compute 3-D information. The methodology for this is described
in readily available textbooks.

This invention, through the use of the telecentric lens and the optional use of a



Fig. 23 shows the use of a quad-inage pyram dal beamsplitter; Fig. 24
shows the use of a penta-inmage truncated pyramd ptism Fig. 25 shows
the flowmhart of the software process and net hodol ogy;

-7 - Fig. 26 (a) and (Db) show the flowhart of the calibration
sub-process; Fig. 27 shows the flowchajg.of the teaching sub-process;
Fig. 28 (a) shows the 3-D view of an inverted sem conductor device;

right angle prism, reduces the complexity of analyses.

Corresponding Pixel Points and the Corresponding Pixel Distance

The invention makes use of spatial distances between the corresponding pixels
in the left and right images to compute the height or distance data.

For sake of simplicity the following considerations are based on a case where a
bi-image beam splitter is used as a means for generating two parallel bundies
of parallel light rays, each of said parallel bundles of parallel light rays contain-
ing image information of the illuminated object to be viewed and said parallel
bundles of parallel light rays being separated from each other in an image area
in an imaging means.

In this example a stereo image beam splitter splits the images into two images.
Accordingly, any image point in one image will also be seen in the other image
(provided that the point is not occluded).

Fig. 7 shows the representation of a 3-D coordinate system of a point in space
h; with the coordinates (x;, y;, z;). A point in space hy(x;, ¥4, z;) is located
within the field of view of both images, X, Y and Z being the coordinate axes of
the point in space relative to an origin.

Fig. 8 shows in a diagrammatic representation the two paths travelled by the
twin rays of light from the point h;(x;, ¥;, ;) shown in Fig. 7 through the
stereo image beam splitter 11 shown in Fig. 4 which results in a left and a right
image of the point h, as viewed in an imaging area 12 (Fig. 5a) by the camera 2
(Fig. 4). The two corresponding points on the left and right image (Fig. 8) are
called the Corresponding Pixel Points or CPP and the horizontal distance
between them is called the Corresponding Pixel Distance (CPD).

The point in space as seen by the left and right images as pixel points on the
imaging sensor is shown in Fig. 8. Due to the construction of the prismatic
device and the vertical alignment of the two faces relative to the sensor, the
two points on the left and right images fall along the same horizontal line. That



Fig. 28 (b) shows the side view of the sem conductor device shown in Fig.
28(a) and highlights the height variation in the |eads; Fig. 29

shows the height profiling of the | eaded sem conductor device

shown in Fig. 28(a) and 28(b); Fig. 30 shows the line projected onto the

surface of a | eaded sen conduct or .14 - device with bunps;
shows the use of a tri-beam splitter vm't% an integrated |ight

proj ection systemin an apparatus according to the invention;

- Fig. 31

Fig. 32

shows the use of incremental scanning along the horizontal axis in
a met hod astoesdyany poirteseenvoranesmage-¢an be fgund imthg bhher image alongthews

schematic A ?xhopiz%ﬂtéﬂi A%
W

an arr ayegl s% lsﬁ%?lsggﬁ:%isl&g ntﬁeegpgesﬁagﬂﬂghlg%elt%tgnﬁse iogm |

array (B . : ! . ows" the
prof i | i ng WPPaTBasrespectivierprojdetedreaymof lightoanti shpwn in dotted lines intdig. 8.
I nvention incorporating a line projection. Fig. 4 shows a apparatus to

measur e t IFige9Ghewasinod diagranfmaticaepra@nt atibh Corr@4ponding tohihe orfddliewh S

of :

in Fig. 8 more points and their relationship to CPP and CPD. The farther an
object point is away from the beam splitter 11, the larger the CPD. Further-
more, the CPD remains unchanged even if the point is offset along the x and y
axes. This will be discussed in more detail further below.

Fig. 10 shows in a diagrammatic representation corresponding to the one
shown in Fig. 8 the effect of a misaligned prism and the resulting skew in the
left and right images in an apparatus according to the invention. The distance
between the two corresponding pixel points in the left and right images as seen
by the imaging sensor is called the Corresponding Pixel Distance or CPD. How-
ever, instead of searching along the horizontal axis, a search along the
orthogonal axis will yield the corresponding CPP.

Referring again to Fig. 9, consider another point by (x1, y1, z5) at a different
height and with a different z-coordinate position. As the point h, is farther
away from the imaging sensor, the respective pixel points will fall along the
same horizontal line but at a further distance apart. The CPD is therefore
larger. If one considers a nearer point hy (x;, y;, zg), the CPD is smaller.

Let us consider in Fig. 9 an off-center point in the y-axis, némely b, (x5, ¥1, 2)-
Although the point is displaced to the left, the CPD is identical to the previous
point hy(x;, ¥q, z;) because they are both at the same height. Similarly, if the
points were off center in the y-axis, the CPD would remain the same as shown
by the point hy (x5, ¥, 27)-

Although the imaging area 12 could in principle be any curved imaging area
describable by a set of two coordinate axes in the preferred embodiment of the
invention as illustrated and explained by means of Figs. 4 - 14 the imaging are
is preferably a flat plane so that the relationship between the distance of an ob-
ject point to the imaging sensor and the Corresponding Pixel Distance between
the left and right images of the object point in the imaging plane is strictly line-



a light source 8 for illumnating an object 7 to be viewed,. a
stereo image beamsplitter 11 as neans for generating nultiple parallel

bundl es of parallel light rays emtted fromthe illum nated object 7, each
of said parallel bundles of parallel light rays containing i nage

i nformation of the object 7 to be viewed pfid said parallel bundles of

paral lel light rays being separated from each other, a
telecentric lens 9 as nmeans for collecting the light rays in said par-

-8 - allel bundles of parallel |ight rays and directing themon an

i magi ng n@als; proportional. Fhis nginpbifieenths depth moyepyimtion i and denalysesuch

as a Vi deq;&3fRantly to only the CPD calculation and makes it possible to perform 3-D
analyses by the using simply commercially available standard personal com-
puters without necessarily having extremely high computational power.

The use of a telecentric lens 9 and the precision prisms simplifies the 3-D
calibration process. The use of a telecentric lens 9 also ensures that there are
no parallax or perspective distortions and therefore, reduces the need to correct
for these distortions.

In the preferred embodiment of the present invention, the search for the
Corresponding Pixel Points making up the stereo image can be found by
searching along the horizontal axis in the other image. This simplifies the
image processing required for searching significantly as well.

Functional Operation of the Analytical Device

The functional operation of the analytical device is defined in two steps, namely
| a) Calibration, and
b) Measurement.

Calibration .

Calibration is necessary to compute the pixel to physical dimension
relationship instead of calculating the relationship using complex
mathematical formulae.

Fig. 11 shows the use of a flat calibration device 13 placed flat in reference to
the stereo image beam splitter 11 shown in Fig. 4. The resulting left and right
images are shown. The prism edge is also shown to be normalized and at a
right angle to the horizontal.

Fig. 12 shows an elevated triangle (wedge shape) 14 used as a calibration
device for the z and y-axes in reference to the stereo image beam splitter 11
shown in Fig. 4. The known diagonal distance between two points z;, 2, is used
to calculate the real y-axis calibration factor once the z-axis calibration factor is



ra 2 as imaging neans for generating imges of the parallel bundles of
parallel light rays, wherein each imge corresponds to one specific
paral |l el bundle of parallel light rays and wherein the generated i nages are
separated from one another in a two-dinensional inaging area describabl e by
a set of two coordi- nate axes; .10 analytical device 10 making
use of anal ytical device software as anal yzi ng device for extracting

| ength, width and height information of the ob- ject to be viewed fromthe
coordi nate val ues of the points of incidence of corre- sponding |ight rays
ori gi nat i fgud.om t he very same point of the object 7 to be viewed but
travelling in different bundles of parallel light fromthe object to said

t wo- di neng#igha8 showeithe et a chinposite tldhbradioposhjeet(doabld wedgeBBapEES

according to the invention is showmn in Fig. 14, wherein a m cro-processor
based perg%ﬁﬁeg‘bﬁr)‘b‘?@ltefglq}geﬁ BFO®8t 0 a video camera 2 via an
I nterface cable 16. The video canera 2 has a telecentric |lens 9 attached

t hereto. Aonsaljbrateathel ipvention dny thrgeadimensnionsne 3d2 dhiesh with tknown1 i s
[ d t t Qs Sicf's§ . C: a?zi%?sﬂ. e d ' 17.
An obj ect | 0 égsge’mgé&%ef%m nat e ymﬁgﬁ%gﬁfl ght soux?ség%glpi mageﬂlsm@

An obj ect . . 3 .
i nf or mat i dielé ooft Fieveday wet Hap hafore she tigleneatrieflepar dlo enlibrafiet eacly Axiass-
ing throu ' pdes; . j s

i 9pl ayed PSORRRM, Satbi gl Fuubt) Beth H BRin SEPRNUSOF KRBol Wiherdiohs along
subsequentthgt axisasferred via the interface cable 16 to the PC 10 wherein

t he anal yti cal

With the invention, calibration can be performed using any prominent feature
that can be seen by both left and right images. For instance, corner points,
fiducial points, edges, centers of features, blocks of textures, patterns, features
enhanced by projected light or structured light and so on can be used as land-
marks (reference points) for performing the calibration.

Y-Axis Calibration

To calibrate the y-axis, an object with a known width is used. An example of
such a calibration device is a flat rectangular device 12 of parallel opposite
sides as shown in Fig. 11. For the purpose of calibration, the calibration device
is placed and aligned vertically and horizontally to the imaging system. The
calibration device should also be flat and the dividing edge\ of the two faces at
the apex of the prism is preferably vertically aligned to the imaging sensor.

Then one starts with the left image. If the width (y-axis) of a rectangle (x;, y;,
z;) and (X;, ¥o, Z9) is 10 mm and the number of pixels used to represent this
length by the analytical device is 100 pixels, then the vertical resolution of each
pixel is equivalent to 0.1 mm. Using standard image processing sub-pixel
methodology, fractions of a pixel can also be represented.

This process can be repeated with the right image to check a number of things,
namely to check:

- the calibration process;



results are shown on the PC and appropriate actions taken. | magi ng
sensor and inmage formation device This invention utilises either a
one-di mensional (1-D) or two-di nensional (2-D) inmaging sensor to sense the
formati on of the image as formed on an imagi ng plane. The imgi hg sensor
used is one with a nultitude of pixels, w+#h each pixel sensing the -
intensity of the fornmed i mage. Any sensor of visible and non- visible |ight
that serves this purpose can be used. Exanples of such sensors are
-9 - a video canera, a line scan canera and an X-ray inmagi ng sensor.

- the alignment of the assembly relative to the placement of the

calibration device, and
- the proper construction of the prismatic device.

If the prism is properly constructed and the alignment is accurate, the
calibrated readings from both images should be the same.

The use of the telecentric lens in this invention means that the pixel resolution
of the y axis, of both left and right images, remains constant throughout the
field of view and is space invariant, i.e. not dependant of the spatial
coordinates.

Z-Axis Calibration

Similarly, to calibrate the z-axis, an object with a known height is used for
calibration. For example as shown in Fig. 12, a rectangular wedge-shaped de-
vice 14 with an elevated side is used. The calibration device is aligned as be-
fore, then the CPP is determined and the CPD of two points is computed at the
two different heights as shown. Then the height resolution relationship to the
CPD is computed. For instance, if the height (z-axis) of the rectangle (x;, yy, 2;)
and (x;, ¥;, Zo) is 15 mm and the number of CPD in pixels used to represent
this length by the analytical device is 100 pixels, the height resolution of each
pixel is equivalent to 0.15 mm. )

Again, sub-pixel resolution can be used for high-resolution representation.

X-Axis Calibration

The x-axis calibration can be performed in a similar fashion to the calibration
of y and z-axes.

However, due to the difficulty in aligning and ensuring that the calibration
device is flat in relation to the imaging sensor, an alternative method using the
absolute distance can be used:



The parallel rays of light as shown depict the paths travelled by the 1] ght
with the use of a telecentric lens. There is no parallax or perspective
distortion with the use of the telecentric lens 9. Consideration should be
taken to ensure that the imge formation device, for instance an optical
| ens, has a large depth-of-field. This isign contrast to a prior art, which
conputes depth fromfocus as di scussed above in conjunction with Fig. 3.
Depth fromfocus requires a very narrow depth-of-field. Careful selection
of the focal |ength_and focal distance is also required so_as to maintain
the regi orfwe diaganad points represmiting the langthiofdheobjest arechosen msthefore.
| MROI NG SYIRO the Hlinfts bite W Aifth Ralttickends1tde ADYIANd BReatdd foPGRIA botween
telecentric lens 9 so as to a ?w or %lhp Icity I'n conputation and
anal yses. thettwlocpaints iscuseshd.euatf Fa? £ yR Pyhagozasis phrenrenys whege Kay|and z
viewi ng a ' %’ﬁ&a&i I%F | jtstortions as shown in Fig.
4. A stan%g%gh)r%ng%- el ecentgﬁc 2’%??%%?%‘@‘?&&% 50 mm Macro opti cal
| ens, can al so be used with the invention with additional conputation
required during the analyses. 1In a different enbodi nent of the invention,
the invention also uiilises a telecenfrig lens of variable magnification,
simlar t&ombigied Xefa dl'ii%“&l ﬂfﬁra@mﬁﬁmet under view to be seen with a
variety of magnifications for the pur- pose of viewng different details of
one or noté isbpestible Abt eombiries éhe, calfbrakionnof @dl threofaxeheusirigeacsingle
| ens_ provigdafrLign SMNES POF InfartB! thiiPerdlh WL T laid 6! Godile"Wligs'
shaped calibration device 15 as shown in Fig. 13 to perform the calibration of

the three axes.

Measurement

Once the invention is calibrated, the 2-D data can be obtained from either the
left or right images, whichever is more convenient and with less possibility of
occlusion. The measured distance in pixels is converted to a physical dimension
using the calibration factor. Using the earlier y calibration factor of 0.1 mm per
pixel as an example — if the measurement is 80.2 pixels, this translates to a
physical dimension of 8.02 mm.

However, the determination of the 3-D height data requires both left and right
images. The height is obtained from the calibrated CPD, i.e. of pairs of CPP of
any feature point on the object.

If the CPD difference between two points is 42.5 pixels, using the earlier z
calibration factor of 0.15 mm per pixel, the height distance between these two
points would be 6.375 mm.

Software Process and Methodology

Fig. 25 - 27 show flowcharts visualizing the inventive method for taking 3-D



Stereo | mage Beam Splitter / Bi-inmage Beam Splitter In a first preferred
enbodi ment of the present invention there is used a single imaging sensor
and image formation device with a stereo inmage beamsplitter to obtain a
pair of stereo inages. An exanple of a stereo image beamsplitter used in
this invention is an uncoated right-anglejpr.ismatic device 11 as shown in
Fig. 4 or Fig. 14. Fig. 5(a) shows a single canera view conposed of a left

and right image from ] - . - 10-
h f.the stereo | e pbeamsplitter 11 as shown in Fig. 4.
the use o data ofsan object wevgwed. P J

The steps of them main process numbered sequentiélly as shown in Fig. 25 are:
Main process:
1) System Initialisation

- Boot up analytical machine;

- Initialise all variables and parameters;

- Other system initialisation functions.

2) System Setup

Set up image sensor and image acquisition device;

Set up brightness and contrast values;

)

Set up proper focusing and depth of field;

Setup peripheral devices, for instance printers and so on;

]

Other setup functions
3) Calibration
- Is calibration previously performed and unchanged?

- If the answer is YES, proceed to step 4), otherwise;

- Ifthe answer is NO proceed to step A) Calibration sub-process before
proceeding to the next step.

4) Teaching
- Is teaching previously performed and unchanged?
- Ifthe answer is YES, proceed to step 5), otherwise;

- If the answer is NO, proceed to step B) Teaching sub-process before
processing to the next step.



The prismatic device 11 divides the inmage of the object or objects into two
hal f- i mages divided vertically in the center of an inmaging area 12. For .

t he purpose of the present invention these imges are called the "left" and
the "right" imges as shown in Fig. 5(a). Fig. 5(a) is a sinple
representation of the rays of light beinggplit by the prismand being
formed through the telecentric lens 9 onto the i maging sensor. The
resultant left and right inmge as seen by the inmaging sensor are
represented in this drawing. For sinplicity, the optical elenents

represent @Q’emmm@@mementsemsua@fb&mbt shown and the inversion of the
I mge due to proper optical ray tracing is sinplified and not shown. The

l eft and ri ght Usetisstechimgiformationrtoaxeraetd the genits oflintefbst imotheosi t e

i mage is equivalent to a conbined view of two inmaging sensors - one

di splaced to tﬁg’qg@f’t and at an angl e and the other displaced to the right
angl ed as shown F| These two i mages. make up the stereoscopic
pair. Fig. 5(FxE etﬁ@;sth@ﬁefCé’r?afroeqthw eHM E‘rﬂ 5 shown in
Fig. 4if two carreras 2, 2' are used - one displaced to the left and at an
angl e and t he- dfdresacti @BPasmrchd’or berresgmdingd}EE im2-Rregbedinates aleng of

shove the pat nRhofSil rechopd rlim B bE U BB RS RERY o gt ©

- Correlate the pairs of CPP between the left and right images;

- For each pairs of CPP, compute the CPD in pixels;

- For each CPD pixel measurement, transform the CPD into a physical
height measurement (e.g. in millimeters or thousands of an inch);

- Consolidate the physical measurements of all three axis of all points of
interests in the image;

6) Analyse measured data

- Compute and analyse the relationship between points of interest in the
image; for instance, to track the profile along one or more lines or edges;

- Compute and analyse the physical dimension between points of interest
in the image; for instance, the height dimension of the profile along a
line.

7) Decision and Action

- From the analysed and measured data, make a decision and perform an
action;

- For instance, either accept the inspected unit, which is within the
acceptable 3-D measurement tolerance, and send it to the PASS bin;

or

- Reject the inspected object, which is cutside the acceptable 3-D measure-
ment tolerance, and send it to the FAIL bin;



angle prism1l. In this case, the differential angle of the stereo pair of
the left and right image is a +[err]= 45 degrees. For instance, if the
invention uses a right angle prismwi th an appropriate refractive index, a
view ng angle of 22.5 degrees fromthe vertical can be obtained by both the
Jeft and right views. The differential anghe between the two stereo pairs
woul d be 45 degrees as shown in Fig. 6. The choice of the right angle in
the prismis one of convenience. Any prismwth a narrower or w der apex
angle can be used provided that both the |eft and right inmages contain t he
obj ect of i nt&nsther expmple isho sart objectshef vavieus beights into theiy respective
materi al s andpfgf ractive indices,

In other words:

The values determined for the dimensions of the object to be viewed are
compared with a set of predetermined dimension values of a reference ob-
ject and based on the result of the comparisons at least one attribute value
(e.g. "PASS", "FAIL"; "SIZE CATEGORY 1", SIZE CATEGORY 2" etc.) out
of a set of predetermined attribute values is assigned to the object to be
viewed and then said object to be viewed is further manipulated based on
the at least one attribute value previously assigned to said object (e.g. an
object attributed with the attribute value "FAIL" is sent to the FAIL bin).

8) Next unit
- If the NEXT unit is available, go to step 5), otherwise
- IfNO unit is available, proceed to step 9),
9) End of inspection
- Take the necessary steps to terminate and end the process properly and

to shutdown the system if necessary;

.

The steps of the calibration process numbere_d sequentially as shown in Fig.
26(a) and 26(b) are:

Calibration sub-process
1) - Insert the calibration device into the field of view of the system;
ii) - Start with the Z-axis feature points;

iii) - Extract the known feature points of interests of the calibration
device, starting by computing the first set of CPP from the left



such as glass or plastic. O her exanples of prisnms that gan be used incl ude
pairs. of Brewster or wedge prisns or Pentagon prisns. The differential
angl e between the two stereo pairs also need not be strictly 45 degrees,
and alternative angles can-be used. Although a right angle prismis
readily avail able and used as a right angR2-refl ector or other purposes,
this invention uses the uncoated right angle prismin a novel nmanner to
split a single view of an object into two views. Li ght source Ina
preferred enbodi neny this pnventign uses an uncoated prismrather than a
mul titude of m rror’é‘,‘a%‘?“%hggfcoﬁﬁ“%mic equi val ent. However, the use of
prisnms produces a prismatic effect of dispersing white |ight. Wen white
light is refr&ot ed For each GPR,ghardhefopthe wprrespondingCPP gh2-Dcodirdipatesd

into the various Sp&ﬁi’%f‘ﬁgfmmﬂ%%?ir%‘ﬂiﬂﬁm' i ke the rainbow. This effect

al t hough favorable 1'n er app ’di storts the image in the
I nvention. This chr tic aberratio l.urs the | mage._ At |ow magnification
of the image, thi 3 %&%R"B&fqggag?’éa ,n°£§°%£t9 gﬁ@b!t&ﬁ}q horigented | |

accept abl e for viewdirgetasret f or | owresol uti on nmeasurenents.

a) search intelligently and automatically the whole right
image for the corresponding CPP

Examples of intelligent searching are:

b) to prioritise the search in the close proximity of the expected
location of the corresponding CPP

¢) a manual search by a human operator if automatic searching is
not successful

d) confirm with more points if necessary for higher accuracy,
reliability and repeatability;

e) compute actual orthogonal axis and direction;

vi) For the rest of the CPP, search for corresponding CPP in 2-D
coordinates along the actual orthogonal direction;

vii) For each pairs of CPP, computer the CPD in pixels;

viii) For each CPD pixel measurement, calculate the calibration factor
from the CPD in physical height measurement per pixel (e.g. in
millimeters or thousands of an inch).

ix) Similarly, calculate the calibration factor for the Y-axis;
x) Similarly, calculate the calibration factor for the X-axis;

xi) End of sub-process and return to the main process.



However, at high magnification and for high-resolution neasurenents, these
.distortions interfere with the neasurenent accuracy. To overcone this
aberration, this invention uses a |ight source with a nonochromatic |ight
with a narrow spectrumor light with a singular frequency. An exanple of
light with a singular frequency would be.gg_array of red Light Emtting

Di odes (LEDs) as the |ight source. Any colour |aser or |aser diode can al so
be used to achieve the sane effect. Wiite Iight can also be filtered with a
narrow band filter or the imaging lens can be fitted with such a filter.

| f col our Theagteps dfsthectpsiching prbeess membexed sepremdiadlyy ab ishlown ihdighRéct
wth threfreargpl oured lights - Red, Green and Blue for instance - to build up
t he col our T"mage. - 12 -

Teaching sub-process
i) Teach the sample type

- Using a user interface (such as for example a keyboard or a mouse ) the
analytical device (such as a PC) is taught the type of sample to be
inspected; for instance, a semiconductor device type with a name SOT23
that is associated with having two wire profiles.

ii) Teach the attributes of the device to be inspected

- For instance the colour or gray level histogram of the wires on the
SOT23 device are taught to the PC.

iii) Teach the regions of interests

- For instance, the two wire SOT23 device having two regions of interests,
with each region of interests encompassing each of the wire, e.g. the
start and end points of the wire profiles in the left and right image
respectively.

iv) Teach the search zones and landmarks .

- Asthe original region of interest location may not be accurate and
searching in the larger search zones may have to be performed to locate
each of the wires;

- Alternatively, these search zones can be referenced relative to a
landmark; a landmark is a distinguishing feature or point in the image
which can be easily located;

v) Teach or define the range of searching parameters

- The optimal type of search methodology and optimised parameters for
searching;



Anot her design consideration in the invention to reduce chromatic
aberration is to mnimse the size of the prismto reduce the distance the
light has to travel within the prism The light source can be placed in
any position to effect optimal lighting condition. An exanple of the |ight
source placenent is shown in Fig. 4 and Rg. 14. By neans of such a

pl acenment of a light source 8 the object to be viewed can be
honogeneously il |l um nat ed. Anal ytical Device The invention makes use of
an anal ytical device 10 to conpute the three dinensions of the object as

shown i n kY. Other feachitigspamingstierons nebéssappl ytical device is a
conput ati onal machi ne which allows a sequence of instructions to be carried

out and neans to input and output information. The sequence of instructions
is the software of the analytical device. An exanple of an anal ytlcal

o1 orer | SitFCURF A verBORbEY SoE Red ol M A dSara Bl bedt dihFroe®

and humandollowed if the permutation of the sequence still achieves the final outcome. For
instance, the steps of calibration and teaching are interchangeable in sequence.
That is, teaching can be performed before calibration. Also there is no
significance in performing the calculation on the left image before the right
image.

In another example, the sequence of finding the complete list of CPPs of the left
image before finding the list of CPPs of the right image need not be strictly
followed. For instance each pair of CPPs can be found from the left and the
right image, followed by the next pair and so on. Another example is that the
sequence of calibration of each axis can be interchanged.

Furthermore, if a step has been completed and unchanged, the information re-
lated to the step can be saved and recalled later for reuse. Such steps may in-
clude setup, calibration and teaching for example.

This invention inherently allows the use of parallel computing architecture as
the analytical device. A parallel analytical device would be able to compute the
entire left and right images CPPs and CPDs in parallel instead of sequentially.
Parallelism can also be extended to include numerous other features of the
analytical device of the invention, for instance feature extraction, matching,
searching, correlating, computing and calculating.

In a parallel system, the flowchart need not be sequential and can be performed
in paraliel.

The exact dimensions of each component of the invention are not significant
provided that the functional objectives of the component and the invention are
met. Similarly, the placement of the components or the location of the features
of each component is not essential provided that the functional objectives of the
component and the invention are met. '



In this invention, the analytical device is capable of converting the inage
formed on the image sensor into information or data which can be conputed
and anal ysed by the anal ytical device. For instance, the inage can be
deconposed into a 1-D or 2-D array of pixels with digital intensity

i nformati on. Analytical Device Software.2§he sinplicity of the invention
can only be appreci ated when one considers the sinplicity in 3-D

conput ati on and anal yses required using this invention. Conventional
stereoscopic imaging systens require the use of conplex 3-D conputation to
conput e 3-TEeight &reBilo8n. The nethodol ogy for this is described in readily
avai | abl e textbooks. This invention, through the use of the telecentric

| ens and tAxe depdrilbethliin rlief sections, the search for the CPP along the horizontal

13 axis or the orthogonal axis makes the search for corresponding stereo points
very simple. For instance, if the objective is to track a wire height in the
vertical orientation, matching the feature points along corresponding CPPs will

allow the height profile to be found.

Fig. 20 shows the height profiling of a wire as performed by the use of an appa-
ratus according to the invention; this is shown in Fig. 20 with the use of five
CPP points. The invention allows the use of multiple CPP points, limited only
by the resolution of the imaging device and by the number of feature points
extractable from the image.

For a more complex object, the points and edges of the objects are thus
similarly profiled to map the complete feature points of the object.

Take another example where the wire is not perfectly horizontally oriented as
shown in Fig. 21 which shows the height profiling of a skewed wire that is not
horizontally orientated in a representation corresponding to Fig. 21 Even if the
wire is skewed, locating the CPPs can still perform the profiling.

Fig. 22 shows the limitation of height profiling of a horizontally orientated
wire. If the wire is orientated exactly in the horizon_tal axis as shown in Fig. 22,
then only the end points can be determined. However, the invention allows for
the complete 3-D-measurement device to be rotated by 90 degrees or in any
another suitable orientation to enable the profiling. The invention also allows
just the prismatic component of the assembly to be rotated.

The invention allows the benefit for the CPP points to be extracted
simultaneously from one image for height profiling. Except in case where the
object is horizontally orientated, an additional view is required after suitable
re-orientation.

In this invention, there is no need to shift the focus, either mechanically or
electrically. In this invention, there is also no need to move the object relative
to the imaging device and to take another view of the object to determine
height or distance. -



right angle prism reduces the conplexity of anal yses. Cor r espondi ng

Pi xel Points and the Corresponding Pixel Distance The invention makes use
of spatial distances between the corresponding pixels in the left and right
i mges to conpute the height or distance data. For sake of sinplicity the
fol | owm ng considerations are based on a cgge where a bi-image beam splitter
is used as a nmeans for generating two parallel bundles of parallel |ight
rays, each of said parallel bundles of parallel light rays contain- ing

i mage information of the illum nated object to be viewed and said parall el
bundl es of Lpad Hdight Megisuremgntdei ng separated from each other in an i mage
area in an imaging neans. In this exanple a stereo i nage beamsplitter

splits theTheHaeentioh tan\also B ased A6 GRé4NUIE! the Eagh't B1ROb1 thé T of
image will al so ae seen in the other image (provided that the point I's not
occl uded) . SeRicgn ‘i‘c@ﬁd{;ﬁlﬁe representation of a 3-D coordinate systemof a

point in space hlerr] with the coordinates (x[err], y[err], z[err]). A
point in sﬁ&s@ g shpws[therd-D yiew of anidfreentdd semitamdiotor device and Fig. 28

(b) shows the side view of the inverted semiconductor device 29 and highlights
the height variation in the leads 30.

Fig. 29 shows the height profiling of the leaded semiconductor device in an ap-
paratus according to the invention.

Fig. 28(a) shows (a) the 3-D view of an inverted 6-lead semiconductor device
such as a SOIC package, and Fig. 28(b) the side view of the device. The
invention can be used to measure the distance of each of the 6 leads away from
a reference plane. |

As shown in Fig. 28, the leads 30, 30' differ in their distance from a reference
plane (such as for example the bottom plane of the inverted semiconductor de-
vice).

As shown in Fig. 29 the center of each lead tip can be found by finding the tip of
each lead and taking the center of the left and right edges of the tip. Compute
the six lead tip centers from the left image. These six points are the CPP of the
left image, namely CPPl, CPP2, and so on. Similarly, compute the
corresponding six lead tip centers from the right image, x;amely CPPa, CPPb
and so on. If the prism is properly aligned, the corresponding points can be
found along the horizontal axis, otherwise search along the orthogonal axis.

Calculate the CPD of each CPP points, that is CPP1 and CPPa, CPP2 and
CPPb, and so on, wﬂl result in six 3-D height measurements as required. In the
example as shown in Fig. 29 the middle lead is further away from the camera
system. Therefore, the CPD would be larger as compared to the CPDs of the
other leads.

The height measurement can be referenced to the camera or alternatively the
reference can be transformed to the seating plane of the semiconductor device.



within the field of view of both images, X, Y and Z being the coordinate
axes of the point in space relative to an origin. Fig. 8 shows in a

di agrammatic representation the two paths travelled by the twin rays of
light fromthe point hlerr](x[err], Y[err], z[err]) shown in Fig. 7 through
the stereo image beamsplitter 11 shown +87Fig. 4 which results in a left
and a right inmage of the point h[err] as viewed in an inmaging area 12 (Fig.
5a) by the canmera 2 (Fig. 4). The two corresponding points on the left and

right image (Fig. 8 re gall ed the Corresponding Pixel Pojnts, or, CPP_ and
the hori , dp anotdies: @?séte_m piment ofsthe, present ﬁ@veﬁl%s%%w& Hostawa fin
Di stance (FSBDL5 thERe i®Provided £ RacEntitg FOUrd Wwhdi@in af bagel ektéi%ioﬂ [gg8s as

pi xel points on the |jagi ng sensor, is,shown in Fjg. 8 Due to the
const r uct {4gdoto tRFOVIa SRRYeRienes | ite aligament ofthe cpmismy ildnrelativer ta thet wo

]1: alcles Ir el Ekbiéﬁénﬁﬁc tl@ﬁs S@NgRd , tlﬁer;eam&grﬁz.i ThSFRA 1HetHeltbledbatri¢ 18hs I9THEES

- a14_ % O onnected to the threaded barrel extension 17. The other end of the barrel
extension 17 has a flat surface 19 with a hole 18 for the prism. The flat surface
19 is then attached to the end of the barrel extension 17. Alternatively, the flat
surface holding the prsim can be rotated and fixed by fixing means such as
screws or any other fixing means.

Fig. 16(a) and (b) show an integrated light-mounting feature integrated with an
barrel extension 17.

Fig. 16(a) shows the use of an integrated light source 8 using transparent glass
as a flat surface 19 on which a stereoscopic prism 11 used in an apparatus
shown in Fig. 4 is aligned. The prism 11 is glued to the glass surface and no
hole is required in the glass. The light sources shown are LEDs mounted on the
internal surface of the flat surface 19.

Fig. 16(b)shows an integrated light source 8 as used in an integrated light-
mounting feature shown in Fig. 16 which uses an appendum of discrete LEDs
or a continuous strip 28 of fiber light.

For an optical lens image formation system, this invention uses a barrel
extension 17 — a threaded hollow thin cylinder as shown in Fig. 15(b). At one
end, a flat surface 19 with a hole 18 cut in the center is appended as shown in
the Fig. 15. The placement of the prismatic device 11 centrally to the barrel 17
and the hole 18 will align the prismatic device 11 centrally.

A precise horizontal alignment of the prism is not crucial to the invention as
the analytical device software can correct for minor misalignments. The
diameter of the barrel 17 is made to be the same as the lens 9 with matching
threads so that the barrel extension 17 can be appended to the lens 9. The
length of the barrel is selected to provide the optimal depth of field when the
prismatic device is used in conjunction with the telecentric lens. Alternatively,
the invention uses a combination of fixed length barrel extensions or a barrel



IS to say, any point seen in one inmage can be found in the other inmage

al ong the sane horizontal line. This shall be called the Correspondi ng

Pi xel Points or CPP. The respective projected rays of |light are shown in
dotted lines in Fig. 8. Fig. 9 shows in a diagrammatic representation
correspondi ng to the one shown in Fig. 8 2®fe points and their relationship
to CPP and CPD. The farther an object point is away fromthe beamsplitter
11, the larger the CPD. Further- nDre, t he CPD renmi ns unchanged even if

t he poi nt of f set. .al ong t.he x d y axes. This will be discussed in nore
det ai | furVY‘%glaY)%‘F% € exension de in a diagrammatic representation
correspondlng to the one shown in Fig. 8 the effect of a n1saI|gned prism

and the rddbénnatiyelxecthis rmvmtlmmeammrgpmmmget glassass alppaﬂeé;t face.

gfig{dbggrﬁ%ﬁ) nlﬁéwfela%t and T&fenhgﬁ'{ nages as seentg§in V\gpl mag ng sensor i s

cal | ed t heaseyr theygoisdheoqeedxtd cu:t @t holecim ﬂ:he:mgnteno @ yee, ofl adransparent

\?\neﬁlr CD: glgg%%ﬁ‘{&correspor%arﬁﬁaﬁ&é%?ﬁygha arn t&ﬂg gég%ona %hé

anot her pd&iagrelrdngd shining éhrqughvflns étanspagent i)labas ah@hwnfmg%gt lﬁéabandéhh
wth a different z-coordinate position. As the point h2 is farther away

fromthe iStegeolmageBeam Splitter Monnting Reatere points will fall along the
sane horizontal line but at a further distance apart. The CPD is therefore

- This invention utilises a prismatic device instead of sets of mirrors or prisms
for a simple and easy means of alignment. The only consideration is to
physically normalise the alignment of the prismatic device relative to the
imaging sensor. This is done by aligning the horizontal edge of the prismatic
device at right angles to the line of sight of the imaging sensor as shown in Fig.
11. An example of a skewed alignment is shown in Fig. 10.

Stereo Image Beam Splitter Rotational Feature

This invention also provides a feature for horizontal orientation alignment.
This invention has an optional feature to allow for rotation of the stereo image
beam splitter relative to the image sensor. The barrel extension of this
invention is made up of two interleaved concentric halves 17, 20 with a locking
screw 21 to lock the rotational orientation. This is shown in Fig. 17.

Alternatively, the invention can search in the orthogonal direction by software
for the CPP once the stereo image beam splitter is mounted and the orientation
is fixed.

As an alternative to the bi-image beam splitter discussed above as means for
generating multiple parallel bundles of parallel light rays multi-beam splitter
may be employed.



| arger. If one considers a nearer point h[err] (x[err], y[err], z[err]),

the CPDis smaller. Let us consider in Fig. 9 an off-center point in the
y-axis, nanely h[err] (x[err], Y[err], z[err]). Al though the point is

di spl aced

hferr](x[err], y[err], z[err]) because thgg-are both at the sane hei ght.

Simlarly,

to the left, the CPDis identical to the previous point

I f the points were off center in the y-axis, the CPD would

remain the sane as shown by the point h[err] (x[err], Y[err], z[err]).

Al t hough the .imaging are 12LFg:ouI d in principle be any curved i magi ng area
r

descri bablBitijpagehaam spliffe

®Sturrat e axes in the preferred enbodi ment

the invention as illustrated and expl ai ned by neans of Figs. 4 - 14 the
i magi ng arkhisinpertiendhtlpdas fal featwreatoeolstain iriple ewschsingenttiiimapet bexan t he
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horizdandab base is mddenen the prismatic device. This additional face provides
the plan image view. As before, the tri-image beam splitter splits the images
into the stereo pair and includes in the center of the image the plan image as
shown in Fig. 18. Although a dove prism is readily available as an optical
device to rotate images, this invention uses the dove prism concept in a novel
manner to split a single view of an object three ways.

Fig. 19 shows the use of a coaxial beam splitter 24 in an apparatus according to
the invention to allow for light projection through the plan surface of the tri-
beam splitter shown in Fig. 18. The light pattern is projected by means of a
light projector 23 from the left and into the coaxial beam splitter 24. When the
projected pattern is cast on the object, the left and right image as well as the
plan image can simultaneously view the object.

Quad-image beam splitter Feature

The invention can be further expanded with the use of a pyramidal prism as
shown in Fig. 23 which shows the use of a quad-image pyramidal beam splitter
26. The beam splitter 26 splits the view of the object into four images allowing
the viewing of both horizontal and vertical profiles simultaneously. The
additional two views is equivalent to rotating the prism by 90 degrees to obtain
the stereo image of the other 2-D axis.

The resultant images are shown in the Fig. 23. The invention using the quad-
image image splitter is able to easily compute CPD with both horizontal and
vertical profiles without any physical rotation of any part of the invention.

Penta-image beam splitter Feature

The invention produces a penta-image with the truncation of the apex of the

of



arly proportional. This sinplifies the depth conputation and anal yses
significantly to only.the CPD cal cul ati on and nakes it possible to perform
3-D anal yses by the using sinply commercially avail abl e standard personal
com puters wthout necessarily having extrenmely high conputational power.
The use of a telecentric lens 9 and the p3@cision prisns sinplifies the 3-D
calibration process. The use of a telecentric lens 9 also ensures that
there are no parallax or perspective distortions and therefore, reduces the

need to correct, for I hese |stort| s. In the preferred_enbodi ment, of the
present i PYEAMIdal prige 4848 24 Fhispisneimidatrbe dhergiwmagaahears up

the Stere%glx@%ew?ﬁﬁaﬁeaﬁ&iﬁlﬂx QY tWRPbFRORENAY Blds! e phgtiu O{FWO 8! orilibgord) the

other image. This sinplifies the image processing require r searchlng
si gni fi cavi¢ys &5 shawn in the Kig ?&aé‘wm@mcﬂwedmdﬁeed\w tthedfifthcheing

The funct |tﬁg@1aﬂm@bfg@egf,lewe anal ytical device is defined in two steps,
namnel y a) Calibration, and b) Measurenent.

The use of the penta-image beam splitter 27 is similar to the tri-image beam
splitter in that the horizontal face of the prism can be used for plan viewing
and for light projection as described in the next section.

Light Projection Feature

This invention also provides an alternate use of any face of the prism in a novel
way. Instead of solely viewing through that face, patterns of light can be
projected through one or more faces of the prismatic device onto the object
plane or surface.

For instance, a dot beam, a line of light or a grid can be projected onto the
object surface through the stereo or tri-image beam splitter device. These light
patterns are used for object analyses using the analytical device. For instance,
by projecting a grid light pattern onto a featureless and regular surface from
the top surface, the reflected ray of light can be viewed simultaneously by all
three faces for analyses. This feature is useful for objects without prominent
features, for instance a smooth and untextured curved surface with bulges such
as shown in Fig. 19.

If the light projection is co-axial in nature and in the light of sight of the image
formation system, the invention can incorporate an additional beam splitter 24
for co-axial light projection as also shown in Fig. 19.

Height Profiling using light projection

Fig. 30 shows a 3-D view of a straight line projected from a line projector 23
onto a flat surface with a curved bump 31. For simplicity, the line projection in
this example is normal to and directly on top of the bump. Only the reflectance
of the projected light, that is the hump of the bump 31 and the two adjacent



Calibration Calibration is necessary to conpute the pixel to physical

di mension rel ationship instead of calculating the relationship using .
conpl ex mat hematical forrmulae. Fig. 11 shows the use of a flat calibration
device 13 placed flat in reference to the stereo i nage beamsplitter 11
shown in Fig. 4. The resulting left and r8ght inmages are shown. The prism
edge is also shown to be nornmalized and at a right angle to the horizontal.
Fig. 12 shows an elevated triangle (wedge shape) 14 used as a calibration

device for the z and y-axes in reference to the stereo inage beam splitter
11 shown istraight profilisecambasegnage the restofithe objectisonot lighted mpsanddnr |,
s[ g;[ 21 C;Eﬁgﬁfﬁﬁﬁ%@%&?ﬁ prbfilesSite striifht, &°tndedb 'd?ﬁhéx%ﬁ% Varfiiféh bh®

e surface

If one is to view the line projection using the invention with the tri-beam image
splitter 22 as shown in Fig. 31, three images will be seen. The three images are
the plan image, the left and the right images. In this example of the invention,

the size of the light projection beam splitter 24 is made very narrow and is
integrated onto the top of the tri-image beam splitter 22 as shown.

The plan image will show a straight line, as the bump is not differentiable from
the plan image. However, the two side images will see a bent height profile as
shown. The higher the bump, the shorter the CPD between the pair of CPP.

Thus as before, using the methodology as described in the invention, the
complete height profile of a projected line on the surface can be extracted.
Thus, the height profile of the surface can be inferred.

The invention also caters for the projection of multiple lines, grids or patterns
onto surfaces or objects. Finding the corresponding CPPs and calculating the
CPDs would produce the measured 3-D data.

Alternatively, the apparatus according to the invention can be attached to a
single axis motorised system and moved along the horizontal axis to provide 3-
D-line profile measurements in incremental steps as shown in Fig. 32. Thus a
composite 3-D image can be formed by scanning across an entire area.

An application of this invention is the inspection of surface flatness of an area.
If the area is flat, there will not be any deviation from the expected CPDs of the
projected line.

Height Profiling of Ball Grid Array using light projection

Fig. 33 (a) shows a plan view of a Ball Grid Array (BGA) consisitng of an array
of solder balls on a flat carrier plane; and Fig. 33(b) a corresponding schematic
perspective view.



-16 - found. Fig. 13 shows the use of a conposite calibration object
(doubl-e wedge shape) 15 for use to calibrate all three dinensions. To
calibrate the invention in three dinmensnions, a 3-D object with known

|l ength (x-axis), width (y-axis) and height (z-axis) dinmensions is placed in
the field of view as set up before the te82eentric lens. To calibrate each
axi s successfully, each axis nust have a pair of points of known di nensions
along that axis. Wth the invention, calibration can be performed using

any promnent feature that can be _seen_ by both |eft, and right imges. For
i nst ance, Yagr 3é rsilwm%ﬂs@ %}é&p@ﬁlﬁg afa B bg,t%@emvepswaf incarperating a
bl ocks of H@(ﬁ,&bpﬁgﬁorpatterns, features enhanced by projected |ight or
structured li'ght and so on can be used as | and- marks (reference points)

For perforAgeh i SRbbRMIALACHE the idvéntich triilisBE A'Prdfbcted line of light and a
motorised system to scan across the surface of the BGA. As before, calculating
the CPPs and the CPDs of various points along the horizontal or orthogonal

. axis would result in the 3-D measurements of the height of each ball in the
array as shown in Fig. 34. Scanning across the surface of the BGA in
incremental steps as shown in Fig. 32 will build up the 3-D-height profile of the
BGA.

In this invention, the horizontal axis resolution of the 3-D image depends on
the fineness of the incremental steps, i.e. the smaller the steps, the higher the
horizontal resolution. The vertical axis resolution is proportional to the amount
of sampling points on the imaging sensor. The more points are sampled and the
nearer the placement of each point, the higher the resolution.

The height resolution is dependent on the magnification of the image. The
larger the magnification, the larger the variation in the CPD for the same
physical height. Alternatively, increasing the differential angle (Fig. 6) will also
increase the variation in the CPD and the height resolution. For instance, if the
differential angle is increased from 45 degrees to 50 degrees.



L

To calibrate the y-axis, an object with a known width is used. An exanple
of such a calibration device is a flat rectangul ar device 12 of parallel
opposite sides as shown in Fig. 11. For the purpose of calibration, the
calibration device is placed and aligned-3®+rtically o the
i magi ng system The calibration device should al so bilﬂﬂm"mm "ﬂ'&"ﬂl}vl di ng
edge of the two faces at the apex of the prismis pref«erably vertsically
aligned to the inmaging sensor. Then one starts with the left imge. If the
width (y-axis) of a rectangle (x[err], y[err], z[err]) and (x[err], y[err],
Z[err]) is 10 nm and the nunber of pixels used to represent this |ength by
the anal ytical device is 100 pixels, then the vertical resolution of each
pi xel is equivalent to 0.1 nm Using andard i mage processing sub- pi xel

met hodol ogy, fractions of a pixel can‘4f¥8%be represented. This process
can be repeated with the right inmage to check a nunber of things, nanely to

check: - the calibration process;
1. An apparatus to optically measure three-dimensional data of an ob-
ject to be viewed, comprising:

a light source (8) for illuminating an object to be viewed,

a means (11, 22, 26, 27) for generating multiple parallel bundles of
parallel light rays, each of said parallel bundles of parallel light rays containing
image information of the illuminated object (7) to be viewed and said parallel
bundles of parallel light rays being separated from each other;

a means (9, 17) for collecting the light rays in said parallel bundles of
parallel light rays and directing them on an imaging means;

an imaging means (2) for generating images of the parallel bundles of

_parallel light rays, wherein each image corresponds to one specific parallel bun-

dle of parallel light rays and wherein the generated images are separated from

one another in a two-dimensional imaging area (12) describable by a set of two
coordinate axes; '

A )

an analyzing device (10) for extracting length, width and height infor-
mation of the object (7) to be viewed from the coordinate values of the points of
incidence of corresponding light rays originating from the very same point (h, -
hg) of the object to be viewed but travelling in different bundles of parallel light
from the object to said two-dimensional imaging area (12).



- 17 - - the alignnment of the assenbly relative to the placenent
of the calibration device, and - the proper construction of the

prismatic device. |If the prismis properly constructm ﬂ m lu nt
is accurate, the calibrated readings from both irragesl lmm ul "ﬂ ﬂ'EErre
The use of the telecentric lens in this i3ention nearfs that the i Xel

resolution of the y axis, of both left and right inmages, renains constant

t hroughout the field of vi ew and is space invariant, i.e. not dependent of
the spati gl coordlnat s Calibragion Slmlarl to,cal jbrate the
z-axis, % obj ect AW0e °ad E‘hSRPr é"l‘ﬁaﬁ"é‘e@rg%‘??‘fbé?e’é%?’?ﬂr taof apgpiect 4l e

as shown ibe vVib#ed dmprishg Bit0steps ofedge- shaped de-
illuminating an object (7) to be viewed;

generating multiple parallel bundles of parallel light rays, each of
said parallel bundles of parallel light rays containing image information of the
illuminated object (7) to be viewed and said parallel bundies of parallel light
rays being separated from each other;

collecting the light rays in said parallel bundles of parallel light rays;

generating images of the parallel bundles of parallel light rays,
wherein each image corresponds to one specific parallel bundle of parallel light
rays and wherein the generated images are separated from one another in a
two-dimensional imaging area (12) describable by a set of two coordinate axes;

extracting length, width and height information of the object to be
viewed from the coordinate values of the points of incidence of corresponding
light rays originating from the very same point of the object to be viewed but
travelling in different bundles of parallel light from the object to said two-di-
mensional imaging area.

3. An apparatus according to claim 1 or a method according to claim 2,
wherein a bi-image beam splitter (11), a tri-image beam splitter (22), a quad-
image beam splitter (26) or a penta-image beam splitter (27) is used as means
for generating multiple parallel bundles of parallel light rays.

4, An apparatus according to claim 3 or a method according to claim 3,
wherein a wedge shaped prism, a truncated wedge shaped prism, a pyramidal
prism or truncated pyramidal prism are used as a bi-image beam splitter (11),
a tri-image beam splitter (22), a quad-image beam splitter (26) or a penta-im-
age beam splitter (27), respectively.



vice 14 with an elevated side is used. The calibration device is aligned as
be- fore, then the CPP is deternm ned and.the CPD of two points is conmputed

at the two different heights as shown. Then the hei ghtJ’Mﬂm
relationship to the CPD is conputed. For instance, if ,@Jlﬂ
of the rectangle (x[err], y[err], z[err])3%,nd (x[err], y[érr}

15 mm and the nunber of CPD in pixels used to represent this |length by the

anal ytical device is 100 pixels the height resol ution of each pixel is
equivalent, to 0.1 nnt ain, | xe ol ution, can be used, for

hi gh-r esolBution r \ad 6FF° m ‘i%o ¢ Brese agpRratug clajms or a
cal i brati gRethdd @&o@ﬁhgoﬂof?ﬁr bfitlee i'é”ﬂe t:fe‘thb@ Rldithd, Mehérein Arilidcantsec v
ue (0]

and z- axes. wever , ihe dlfftgi aI| n| n nd ensuyri ng that
the cal i bigns &: deMaceo jopticak lens,or @) telecontrip 1p Feble maaficatign i
al ter nati \fyededsBfbansi fof cbilectahs the tiphd r%srériﬁeseﬁé rpdiﬁuup Bendles of parallel

light rays.

6. An apparatus according to any of the preceding apparatus claims or a
method according to any of the preceding method claims, wherein an itnage
sensor comprising individual pixel elements which are sensitive to visible light
and/or infra-red light and/or ultraviolet Iight and/or x-rays is used imaging
means for generating images of the incident parallel bundles of parallel light
rays.

7. An apparatus according to any of the preceding apparatus claims or a
method according to any of the preceding method claims, wherein the image
sensor is a video camera (2), a line scan camera, a CCD-camera or an an x-ray
imaging sensor.

8. An apparatus according to any of the preceding apparatus claims or a
method according to any of the preceding method claims, wherein a computa-
tional machine is used as analyzing device (10) for extracting length, width and
height information of the object to be viewed.

9. An apparatus according to any of the preceding apparatus claims or a
method according to any of the preceding method claims, wherein means (9, 17)
for generating multiple parallel bundles of parallel light rays are provided
which are rotatable relative to imaging means (2) for generating images of the
incident parallel bundles of parallel light rays.



- 18- Two di agonal points representing the Iength of the object are
chosen as before. Since the points are at different eﬂ%hts’ t he absolute
c

di stance fornul a between the two points is used, i. er,mltmnmlﬂ +

y[err] (Pythagoras's theorem, where x, y and z are i _ _
di stances between the two points. Conbgged X, Y and Z AXes"Cafibration
Device It is possible to conbine the calibration of all three axes using a
single calibration device. For instance, this invention uses a single
doubl e wed shaped cal i bration device 15 as shown in Fig. 13 to perform
the cal i brifli on AR AEPEFAtE aspemsiing to pexd thewneceding apparatus claims or a

method according to any of the preceding method claims, wherein a monochro-
matic light source (8) for illuminating the object to be viewed or wherein a blue
monochromatic light source, a red monochromatic light source and a green
monochromatic light source are used for illuminating the object (7) to be
viewed.

11. An apparatus according to any of the preceding apparatus claims,
wherein said light source (8) is integrated within a housing of said means (9)
for collecting the light rays in said parallel bundles of parallel light rays and di-
recting them on an imaging means and arranged in a predetermined spatial re-
lation relative to said means for generating multiple parallel bundles of paral-
lel light rays.

12, A method according to any of the preceding method claims, wherein a
reference object (13, 14, 15} of known dimensions is placed at a predetermined
distance from the means (11, 22, 26, 27) for generating multiple parallel bun-
dles of parallel light rays in order to provide calibration coordinate values in
said two-dimensional imaging area (12) which serve as gauge for objects of un-
known dimensions to be viewed.

L)

13. A method according to claim 12, wherein the reference object is of a
parallelepiped block-like, a wedge-shaped or a double wedge shaped form.

¥

14. A method according to any of the preceding method claims, wherein
prominent features of a reference object are analyzed and stored in said analyz-
ing device (10) and the data of objects to be viewed are compared to the data ob-
tained for the prominent features of said reference object. -



Once the invention is calibrated, the 2-D data can be-obtained fromeither
the left or right images, whichever is nore convenient and with l'ess —

possibility of occlusion. The neasured distance in pix uuﬂ to a
physi cal dinmension using the calibration factor. Usi ng ,ffm# Jm
calibration factor of 0.1 mm per pixel asggn exanple - if t he mmas

Is 80.2 pixels, this translates to a physical dinension of 8.02 mm

However, the determ nation of the 3-D height data requires both left and

right images. The height is obtained fromthe calibrated CPD, i.e. of pairs
of CPP of By featmmeqhodﬂnccordmtetooame@f the pretedihg 10pthail tlaémenwtheareinneen

|
mpor i e Sfavallefovice {10] AetciifiSs thltelo AfnbhliBRAL boilindle dhtaof”
mm Sof peiats opméesceaoﬁcmmp;wmhng yightirgys 36 diffefendhanvesf ofttheharultiple
visual i zi ng, 06 bREGMENS t6th 18 Jhe i 8f 8 object to be viewed and calcu-

lates the distance (CPD) between said points of incidence.

16. A method according to any of the preceding method claims, wherein
the imaging means (2) is moved relative to the object (7) to be viewed and scans
said object.

17. A method according to any of the preceding method claims, wherein
the values determined for the dimensions of the object (7) to be viewed are com-
pared with a set of predetermined dimension values of a reference object and
wherein based on the result of the comparisons at least one attribute value out
of a set of predetermined attribute values is assigned to the object to be viewed.

18. A method accordmg to claim 17, wherein said object (7) to be viewed
is further manipulated based on the at least one attribute value previously as-
signed to said object.



- 19- data of an object to be viewed. The steps of them nmain process
nunbered sequentially as shown in Fig. 25 are: Miin process: 1) System

Initialisation - Boot up anal ytical machi ne; - Initialise all
vari abl es and paraneters; - Oher sy88eminitialisation functions.
Summary

The present invention relates to an apparatus to optically measure three-
dimensional data of an abject (7) to be viewed, comprising:

a light source (8) for illuminating an object to be viewed,

a means (11) for generating multiple parallel bundles of parallel light
rays, each of said parallel bundles of parallel light rays containing image infor-
mation of the object to be viewed and said parallel bundles of parallel light rays
being separated from each other;

a means (9) for collecting the light rays in said parallel bundles of
parallel light rays and directing them on an imaging means;

an imaging means (2) for generating images of the incident parallel
bundles of parallel light rays, wherein each image corresponds to one specific
parallel bundle of parallel light rays and wherein the generated images are
separated from one another in a two-dimensional imaging area (12) describable
by a set of two coordinate axes;

an analyzing device (11) for extracting length, width and height infor-
mation of the object to be viewed from the coordinate values of the points of in-
cidence of corresponding light rays originating from the very same point (h;) of
the object (7) to be viewed but travelling in different bundles of parallel light
from the object to said two-dimensional imaging area (12).

Furthermore, the invention relates to a corresponding method to optically
measure three-dimensional data of an object to be viewed.

(Fig. 8) THIS SHEET HAS BEEN
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2) System Setup - Set up inmage sensor and inage acquisition device;

- Set up brightness and contrast val ues; - Set up proper focusing and
depth of field; - Setup peripheral devices, for instance printers and
so on; - O her setup functions 3) Calibration - Is calibration
previ ously perfornmed and unchanged? - If the answer is YES, proceed to
step 4), otherw se; - If the ansvrfs'és NO proceed to step A
Cal i bration sub-process before proc€edi ng to the next step. 4)
Teachi ng
1 1
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A \\ Non-parallel f'/ /
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3 N\, 4 ]
5\ \\ ’{ /
\ ‘\ '/ !
SN A
\ A /
\‘ 'I
\\ ’I
\‘ I'
\ £
} N 7
object
Prior Art

Fig. 1



- |Is teaching previously perfornmed and unchanged? - If the answer is
YES, proceed to step 5), otherw se; - If the answer is NO proceed to
step B) Teachi ng sub-process before processing to the next step.

- 20 - 5) Perform neasurenents on current unit - Use the teaching
information to extract the points of iiﬁ st in the i mge; -
Extract the first set of CPP fromthe i mage in 2-D coordi nates;
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- For each CPP, search for corresponding CPP in 2-D coordi nates al ong
.orthogonal direction to prismaxis in the right imge in 2-D -

Correlate the pairs of CPP between the left and right inages; - For
each pairs of CPP, conpute the CPD in pixels; - For each CPD pi xel
measurenent, transformthe CPD into a physical hei ght neasur enent
(e.g. in mllinmeters or thousands of agvggfh); - Consolidate the

physi cal neasurenents of all three axi all points of interests in
the image; 6) Anal yse neasured data - Conmpute and anal yse the

rel ati onshi p between points of interest in the i mage; for instance,
to track the profile along one or nore |lines or edges; - Conpute and
anal yse the physical dinension between points of interest in the

i mge; for instance, the height dinmension of the profile algng a

line. 7) Decision and Action

/]

up/down movement for
focus adjustment

+- 1.23

e €73

Prior Art

Fig. 3



- Fromthe anal ysed and neasured data, nake a decision and perform an

action; - For instance, either accept the inspected unit, which is
wi thin the accept abl e 3-D neasurenent tol erance, and send it to the
PASS bi n; or Rej ect the inspected object, which is outside the
accept abl e 3-D neasure- ment tolerance, and send it to the FAIL bin;
-21 - Anot her exanple is to sozygugjects of various heights into
their respective bi ns.
~
2
9
i
Paratiel rays 1
of fight from
use of

telecentric .
A lens A

Fig. 4



I n other words:
to be viewed are

of a reference

| east one attribute val ue
etc.) out

CATEGORY 2";

The val ues determ ned for the di nensions of the object

ob-

assigned to the object to be

is further

mani pul at ed based on

(e.qg.

vi enedh
the at

" PASS",

previ ously assigned to said object (e.g. an

attribute value "FAIL" is sent to the FAIL bin).

H 5),

the NEXT unit
avai |l abl e,
necessary step
shutdown the s

i ailable, go to
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The steps of the calibration process nunbered sequentially as shown in Fig.

26(a) and 26(b) are: Calibration sub-process i) - Insert the
calibration device into the field of view of the system ii) - Start

with the Z-axis feature points; iii) - Extract the known feature
points of interests of the calibration device, starting by

conputing the first set of CPP fromth
-22 -

/35t

Left image nght image
A A
A A

4 A

s o g s e ey g e




image in 2-D coordinates; 1iv) - For each CPP, search for the correspondi ng

CPP in 2-D coordi nates al ong the horizontal direction; v)-- If the
corresponding CPP is not found to be along the horizontal

di rection: a) search intelligently and automatically the whole right

i mge for the correspondi ng CPP Exanpl es of intelligent searching
ar e: b) to prioritise the s%ﬂ}sin the close proximty of the
expect ed | ocation of the correspondi ng CPP C) a nmanua
search by a human operator if automatic searching is not

successf ul d) confirmw th nore points if necessary for higher
accuracy, reliability and repeatability; e) conpute

actual orthogonal axis and direction;

» N

3

hl(x‘ly Y1 21)

A Y
-l g o 1 S s Y O
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vi) For the rest of the CPP, search for corresponding CPP in 2-D

coordi nates al ong the actual orthogonal direction; vii) For each pairs of

CPP, conputer the CPD in pixels; wviii) For each CPD pi xel measurenent,

calculate the calibration factor fromthe CPD in physical height
measur enent per pixel (eg. in m'éll)'égt ers or thousands of an inch).
ix) Simlarly, calculate the calibrat actor for the Y-axis; Xx)

Simlarly, calculate the calibration factor for the X-axis; xi) End of
sub-process and return to the main process.
- 23 -

Left image Right image
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camera view
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The steps of the teaching process nunbered sequentially as shown in Fig. 27

ar e: Teachi ng sub-process i) Teach the sanple type - Using a user
interface (such as for exanple a keyboard or a nouse ) the anal yti cal
device (such as a PC) is taught the type of sanple to be i nspect ed,;
for instance, a sem conductor device type with a name SOT23 that is
associated with having two wire profi&éS ii) Teach the attributes of the
device to be inspected - For instance the colour or gray |evel
hi stogram of the wires on the SOT23 device are taught to the PC
iii) Teach the regions of interests - For instance, the two wire SOI23
devi ce having two regions of interests,
Left image Right image
[ ————— Prism edge
Y axis he ¢ . e

hs ha hi hs hs ha hih

12

r-u-o-
|

X axis

h4(x21 Y1, 21
hs(xz, yz, z1)

¥ ha(xs, y1, Z,)

Fig. 9



wi th each region of interests enconpassing each of the wire, e.g. the
start and end points of the wire profiles in the |eft and right i mge
respectively. iv) Teach the search zones and | andmar ks - As the
original region of interest |ocation may not be accurate and

searching in the larger search zones may have to be perforned to | ocate

each of the wres; - Nternat}@zs!s:, t hese search zones can be
referenced relative to a | & ; a landmark is a distinguishing
feature or point in the inmge whi ch can be easily | ocated; v) Teach
or define the range of searching paranmeters - The optimal type of
search net hodol ogy and opti m sed paraneters for sear chi ng;
left image rightimage -
12
misaligned
prism edge >
CPP found
search in 1
orthogonal
direction /
™
i , not normalised
¢ to 90°
i
1

N

Fig. 10



-24 - vi) O her teaching paranmeters as necessary. Wth the invention,
t he exact functional sequence of operation need not be followed if the
pernutation of the sequence still achieves the final outcone. For instance,
the steps of calibration and teaching are interchangeable in sequence. That
is, teaching can be performed before calibration. Also there is no
significance in performng the cal cul altL §)n the left image before the
right image. |In another exanple, the's & nce of finding the conplete |ist
of CPPs of the left inmage before finding the |ist of CPPs of the right

i mge need not be strictly followed. For instance each pair of CPPs can be
found fromthe left and the right inage, followed by the next pair and so
on. Another exanple is that the sequence of calibration of each axis can be
i nterchanged. FukdHi®Agbre, if a step has been confi@¢#®WeANd unchanged, the
information re- jfated to the step canjbe saved and recalyged later for
reuse. Such steds nmay in- : —

Y axis

width width
10mm 10mm
(100pix) (100pix)

\ X axis

Right angle
normalisation

LR

Fig. 11



clude setup, calibration and teaching for exanple. This invention
inherently allows the use of parallel conputing architecture as the
anal ytical device. A parallel analytical device would be able to conpute
the entire left and right images CPPs and CPDs in parallel instead of
sequentially. Parallelismcan also be extended to include numerous other
features of the anal ytical device of qqzﬂgﬂyention, for instance feature
extraction, matching, searching, correlating, conputing and cal cul ating.
In a parallel system the flowhart need not be sequential and can be
erfornmed in parall el The exact dinensions of each gomponent of the
anention arepnot S?ﬁ%PFpgant provided that the functﬁgﬁﬁwmgbiectives of
the conponent and fhe invention are net.| Simlarly, the plggepent of the
conponents or the Jocation of the featurles of each conponent J s not
essential providedjthat the functional gbjectives of the conppnent and the
invention are net.

CPDs

34- .
Diagonal
length
CPD2

Length

Rays for right
image not shown

14
&Pvacﬂﬂm . End elevation of
calibration object Length calibration object

calibration object

Fig. 12



- 25- Height Profiling As described in earlier sections, the search for
the CPP along the horizontal axis or the ort.hogonal axis makes the search
for corresponding stereo points very sinple. For instance, if the objective
is totrack a wire height in the vertical orientation, matching the feature
poi nts along corresponding CPPs will allow the height profile to be found.
Fig. 20 shows the height profiling of1éy@E5e as perforned by the use of an
appa- ratus according to the invention; this is showmn in Fig. 20 with the
use of five CPP points. The invention allows the use of multiple CPP
points, limted only by the resolution of the inmaging device and by the
nunber of feature points extractable fromthe image. For a nore conpl ex
obj ect, the points and edges of the objects are thus simlarly profiled to

map the conplete fegtyre points of the object. Take Jher exanpl e where
the wire i s not penﬁﬂﬁﬁﬁﬁghoLngnLaLLy—gLLanLed_as_shEEﬁéﬂﬁgtig. 21 whi ch
shows the height pfofiling of a skewed wre that is not horiZz¢ntally
orientated in a rebresentation corresponding to Fig. 21 Even |f the

VA
/I\

Rays of image
not shown

15

15 A

3-D view of the End elevation of the
calibration device calibration object

Fig. 13



wire is skewed, locating the CPPs can still performthe profiling. Fig. 22
shows the Iimtation of height profiling of a horizontally orientated wre.
If the wire is orientated exactly in the horizontal axis as shown in Fig.
22, then only the end points can be determ ned. However, the invention
allows for the conplete 3-D neasurenent device to be rotated by 90 degrees
or in any another suitable orientati oq%gnabl e the profiling. The
invention also allows just the prismati nponent of the assenbly to be
rotated. The invention allows the benefit for the CPP points to be
extracted sinmul taneously fromone image for height profiling. Except in
case where the object is horizontally orientated, an additional viewis
required after suitable re-orientation. 1In this invention, there is no
need to shift the focus, either nmechanically or electrically. In this
invention, there is also no need to nove the object relative to the inmaging
device and to take another view of the ¢gject to determ ne height or

di st ance.
/'—10

Fig. 14



-26 - Lead Hei ght Measurenents The invention can also be used to neasure
the height profiles of the | eads of sem conductor devices. Fig. 28 (a)

- shows the 3-D view of an inverted sem conductor device and Fig. 28 (b)
shows the side view of the inverted sem conductor device 29 and highlights
t he height variation in the | eads 30. g .29 shows the height profiling
of the | eaded seniconductor device in h /&5 paratus according to the
invention. Fig. 28(a) shows (a) the 3-D view of an inverted 6-1ead

sem conduct or device such as a SO C package, and Fig. 28(b) the side view
of the device. The invention can be used to neasure the distance of each of
the 6 | eads away froma reference plane. As shown in Fig. 28, the |eads
30, 30" differ in their distance froma reference plane (such as for

exanpl e the bottom pl ane of the inverted sem conductor de-

8
'r"‘ “\\
A\——JA Barrel extension
attached to telecentric lens
A '\
Threaded

11 Prism
Flat surface attached
fo barrel extension

19

18

Fig. 15



vice). As shown in Fig. 29 the center of each lead tip can be found by
finding the tip of each |lead and taking the center of the left and right
edges of the tip. Conpute the six lead tip centers fromthe |eft inmage.
These six points are the CPP of the left imge, nanely CPPl, CPP2, and so
on. Simlarly, conmpute-the corresponding six lead tip centers fromthe

ri ght inage, nanely CPPa, CPPb and so1§/35f the prismis properly aligned,
t he correspondi ng points can be found along the horizontal axis, otherw se
search al ong the orthogonal axis. Calculate the CPD of each CPP points,
that is CPP1 and CPPa, CPP2 and CPPb, and so on, will result in six 3-D
hei ght neasurenents as required. In the exanple as shown in Fig. 29 the
mddle lead is further away fromthe camera system Therefore, the CPD
woul d be |l arger as conpared to the CPDs of the other |eads. The height
measurenent can be referenced to the canera or alternatively the reference
.can be transfornmed to the seating plane of the sem conductor device.




- 27 - I n anot her preferred enbodi mrent of the present invention which is
shown in Fig. 15 there is provided a nounting feature wherein a barre
extension 17 is used to provide convenience in alignment of the prism1l
relative to the telecentric lens 9 and the canera 2. In Fig. 15 the
telecentric lens 9 is connected to the threaded barrel extension 17. The

ot her end of the barrel extension 17 hﬂ@g at surface 19 with a hole 18
for the prism The flat surface 19 is t tached to the end of the
barrel extension 17. Alternatively, the flat surface hol ding the prsimcan
be rotated and fixed by fixing means such as screws or any other fixing
nmeans. Fig. 16(a) and (b) show an integrated |ight-nmounting feature
integrated with an barrel extension 17. Fig. 16(a) shows the use of an
integrated |ight source 8 using transparent glass as a flat surface 19 on
whi ch a stereoscopic prism 1l used in an apparatus shown in Fig. 4 is
aligned. The prism 1l is glued to_the glass surface and no hole is required
in the glass. The light so Ds mounted on the internal
surface of the flat surfa

21

threaded

Fig. 17



Fig. 16(b)shows an integrated |light source 8 as used in an integrated

i ght- mounting feature shown in Fig. 16 which uses an appendum of discrete
LEDs or a continuous strip 28 of fiber Iight. For an optical |ens inage
formation system this invention uses a barrel extension 17 - a threaded
hol  ow thin cylinder as showm in Fig. 15(b). At one end, a flat surface 19
with a hole 18 cut in the center is aph8 as shown in the Fig. 15. The
pl acenent of the prismatic device 11 centrally to the barrel 17 and the
hole 18 will align the prismatic device 11 centrally. A precise horizontal
alignment of the prismis not crucial to the invention as the anal ytical
devi ce software can correct for mnor msalignnents. The dianmeter of the
barrel 17 is made to be the sanme as the lens 9 with matching threads so
that the barrel extension 17 can be appended to the |lens 9. The | ength of
the barrel is_S#iEa9%d to provi AEPIMRIe0pt i nal dSHINIMAGet i el d when t he
prismatic device is used infconjunction wifth the tel eq:’_arltric | ens.

Al ternatively, the inventiofp uses a conbination of fiXed | ength barrel

ext ensi ons or{ a barrel
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-28 - with a variable extension length. Alternatively, this invention
uses a transparent flat glass as the flat surface. The prismatic device is
then glued to the surface using optical glue. In this case, there is no
need to cut a hole in the center. The use of a transparent surface has an
added advantage that the |ight source can be integrated in the barrel and
shining through this transparent flat.§$ﬁs wn in Fig. 16 (a) and (b).
Stereo | mage Beam Splitter Munting Fe This invention utilises a
prismatic device instead of sets of mrrors or prisns for a sinple and easy
means of alignnent. The only considepgtion igto phé;ically normal i se the

H

]

alignment of the prismativgcalferhfersr €l 8itive t® the imaging sensor. This is
done by aligning the horizontal edge pf the prismatiic device at right
angles to the line of stght—et—the—-rhgirg—serser—a—shewr—A—Fg 11. An
exanpl e of a skewed ali nt is showh in Fig. 10. 04
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Tri-image
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Stereo Image Beam Splitter Rotational Feature This invention also provides
a feature for horizontal orientation alignnment.. This invention has an
optional feature to allow for rotation of the stereo i nage beam splitter
relative to the i mage sensor. The barrel extension of this invention is
made up of two interleaved concentric halves 17, 20 with a | ocking screw 21
to lock the rotational orientation. Ttﬁ@/ﬁgshown in Fig. 17.

Al ternatively, the invention can search in the orthogonal direction by
software for the CPP once the stereo inage beamsplitter is nounted and the

orientation is fixed. As an alternative to the bi-inmge beamsplitter
di scussed above as neans for generating nultiple parallel bundles of
parallel light rays nulti-beamsplitter nay be enpl oyed.
Rays of image not shown
h ]
ha hz
hs ha
he he
hs hs
12

Fig. 20
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-29 - Tri-imge beamsplitter Feature This invention includes a feature
to obtain triple views using a tri-imge beamsplitter 22 or dove prism as
shown in Fig. 18. An additional face parallel to the horizontal base is
made on the prismatic device. This additional face provides the plan inage
view. As before, the tri-imge beamsplitter splits the imges into the
stereo pair and includes in the center %{/3& i mge the plan i mage as shown
in Fig. 18. Although a dove prismis readily avail able as an optical device
to rotate images, this invention uses the dove prismconcept in a novel
manner to split a single view of an object three ways. Fig. 19 shows the
use of a coaxial beamsplitter 24 in an apparatus according to the
invention to allow for light projection through the plan surface of the
tri- beamsplitter shown in Fig. 18. The light pattern is projected by

means of a light projector 23 fromthe |eft anﬁﬂknkﬂﬁ§gﬁ‘ﬁﬁ i al beam
Ql ()P)

splitter 24. Wien thge—projected pattern is cas jec he left and
right image as well gs the plan inage can |si nul taneously view the object.

h tw

ha hz

hs

hs
hs hs
12
Fig. 21
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25
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Quad-i mage beam splitter Feature The invention can be further expanded
with the use of a pyramdal prismas shown in Fig. 23 which shows the use
of a quad-image pyram dal beam splitter 26. The beam splitter 26 splits the
view of the object into four inmages allowi ng the viewi ng of both horizontal
and vertical profiles sinultaneously. The additional two views is

equi valent to rotating the prism by 9(22¢gf'yes to obtain the stereo inmage
of the other 2-D axis. The resultant imges are shown in the Fig. 23. The
i nvention using the quad- inmage inage splitter is able to easily conpute
CPD with both horizontal and vertical profiles w thout any physical
rotation of any part of the invention. Pent a-i mage beam splitter Feature
The invention produces a penta-inage with the truncation of the apex of the

Rays of image not shown

3-D view of the wire

Fig. 22



- 30 - pyram dal prismas shown in Fig. 24. This is simlar to the
tri-inmage beamsplitter with an addition of tw orthogonal faces to produce
two orthogonal views as shown in the Fig. 24. Five inages are produced with
the fifth being the plan view of the object. The use of the penta-inmge
beam splitter 27 is simlar to the tri-inmage beamsplitter in that the

hori zontal face of the prismcan be u Sgib pl an view ng and for |ight
proj ection as described in the next section. Li ght Projection Feature
This invention also provides an alternate use of any face of the prismin a
novel way. Instead of solely view ng through that face, patterns of |ight
can be projected thrg andopthac : deyi ce onto the
obj ect plane or surf

left image right image

bottom (front) image
26
r4
/ \\L I/ \
\\‘\ ” ’I
\\\\ " ’l

Fig. 23 ¥ Ot
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For instance, a dot beam a line of light or a grid can be projected onto

t he object surface through the stereo or tri-imge beamsplitter device.
These |ight patterns are used for object anal yses using the anal ytical
device. For instance, by projecting a grid light pattern onto a featurel ess
and regul ar surface fromthe top surface, the reflected ray of |ight can be
vi ewed sinultaneously by all three fag4/88 analyses. This feature is
useful for objects wi thout prom nent features, for instance a snooth and
untextured curved surface with bul ges such as shown in Fig. 19. |If the

i ght projection is co-axial in nature and in the Iight of sight of the

i mge formation system _the tomibaeklimagecan i ncorporate an additjonal beam
splitter 24 for co-pxal light projection as also showy2in Fi 19.
Hei ght Profiling us|ng™W.ght projection Fig. 30 shows a view of a
straight line projegted fiNma line projactor 23 onto | at suyrface with a
curved bunp 31. Forjsinpliciyy, the line Eproj ection N this exgnple is
normal to and direcily on top the bung. Only t refl ectance of the
projected light, that is the hunpYof—tfebump—34"and the two aglj acent
plan
H 7 image H .
left image right image
bottom {front) image;
/ g \

Fig.24 ¥t

27
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-31 - straight profiles can be seen, as the rest of the object is not

| ighted up and in darkness. The adjacent profiles are straight, as there is
no height variation on the surface. |f one is to viewthe line projection
using the invention with the-tri-beaminmge splitter 22 as shown in Fig.

31, three i mg een. The tIP&/Bfges are the plan inage, the

|l eft and the right images] In this exanple of the invention, the size of
the light projécti 8#Rbeamjsplitter 24 is nade very narrow and is i nt egrated
onto the top ok the tri-ipymage beamsplitter 22 as shown. The plan inmage
will show a straightj I'tne, as the bunp is not differentiable fromthe plan
i mage. However, hde images will see a bent height profile as
shown. The hig1erltsp&£u , the shorter the CPD between the pair of CPP.
Thus as before Nﬁ)-im e {met hodol ogy as described in the invention, the
conpl ete height profile off a projected line on the surface can be
extracted. L
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Thus, the height profile of the surface can be inferred. The invention

al so caters for the projection of nultiple lines, grids or patterns onto
surfaces or objects. Finding the corresponding CPPs and cal cul ating the
CPDs woul d produce the neasured 3-D data. Alternatively, the apparatus
according to the invention can be attached to a single axis notorised
system and noved aI ong the horizontal axis to provide 3- D line profile
measur enen reyental steps as SWSE Fig. 32. Thus a conposite 3-D
i mage can pe for scanning across an entire area. An application of
this invenfion® W‘glethe I nspection of surface flatness of an area. If the

: here w11 not be any deviation fromthe expected CPDs of the
projected line Hei ght Profiling of Ball Gid Array using |ight
projectio a) shows a plan view of a Ball Gid Array (B®&A)

consi sitng o rmmarr hy of solder balls on a flat carrier plane; and Fig.
33(b) a cpr PSRN ng schematic perspective view.
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-32 - Fig. 34 shows the height profiling of a BGA by the invention
incorporating a line projection. A preferred enbodi nent of the invention
utilises a projected line of light and a notorised systemto scan across
the surface of the BGA. As before, calculating the CPPs and the CPDs of
various points along the horizontal gajpr gonal axis would result in the
3-D neasurenents of the height of ea bé in the array as shown in Fig.
34. Scanni ng agfossS\t he surface of the BGA in increnental steps as shown in
Fig. 32 will Quild up the 3-D-height profile of the BGA. In this
invention, thg horizgpntal axis resolution of the 3-D i mage depends on the
fineness of thedpsfenental steps, i.e. the smaller the steps, the higher
the horizontal reggolution. The vertical axis resolution is proportional to
t he amount Tgpoi nts on the imagi ng sensor. The nore points are

alll)
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L Fig. 26b

vii) FOR EACH CPP

PAIR COMPUTE CPD i 3
CouPUTR Calibration

v

viiif) CALCULATE

THE CALIBRATION

FACTOR, ¢.g. mm
per pixel

‘

. NO REPEAT WITH
e TION Y-AXIS FEATURE

POINTS

=y

REPEAT WITH
X-AXIS FEATURE
POINTS

xi) FINISH AND
RETURN TO MAIN
PROCESS




nearer the placenent of each point, the higher the resolution. The height
resolution is dependent on the magnification of the imge. The |l arger the
magni fication, the larger the variation in the CPD for the same physi cal

hei ght. Alternatively, increasing the differential angle (Fig. 6) will also
I ncrease the variation in the CPD and %asgggight resol ution. For instance,

I f the differeqLLaL_angLe\is I ncreased 45 degrees to 50 degrees.
Cl ai s

START
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v
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1. An apparatus to optically nmeasure three-dimensional data of an ob-
ject to be viewed, conprising: a light source (8) for
illum nating an object to be viewed, a neans (11, 22, 26, 27)
for generating nultiple parallel bundles of parallel light rays, each of
said parallel bundles of parallel |ight rays containing inmage information
of the illum nated object (7) to be vi &8 Md said parallel bundles of
parallel |ight rays being separated from each other; a nmeans (9,
17) for collecting the light rays in said parallel bundles of parallel
i ght rays and directing them on an inmagi ng neans; an i magi ng
means (2) for generating inmages of the parallel bundles of alkz | i ght
rays, wherein each image corresponds to one ﬂbecific parall]Eﬁ'r !iEE of
parallel light rays and wherein the generate iBges are separated from one
another in a two-dinensional inmaging area (1%) /escrlbable by a set of two
coordi nat e axes; an anal yzing deV|/' (10) for extracting |ength,
wi dt h and height infor- mation g ‘,,//) to be viewed fromthe
coordi nate val ues of the poi pgndi ng |ight rays

i gi i , he object to be

Fig. 28b

30




fromthe object to said two-di nensional inmaging area (12).

34 * C L M S * 2. A nethod to optically neasure
t hree-di nensi onal data of an object to be viewed, conprising the steps of:
illumnating an object (7) to be viewed, generating multiple
paral l el bundles of parallel |ight rays, each of said parallel bundles of
parallel |ight rays containing i mge GM&&BEhtion of the illum nated object
(7) to be viewed and said parallel bundles of parallel |ight rays being
separated from each other; collecting the light rays in said
paral |l el bundles of parallel |ight rays; generating i mages of the
paral l el bundles of parallel light rays,
Cr14 CTTS CTTB jﬂTd ije Crif
2 2
A<CPP2U U CPPb“ U
30 iCPP1 CPP3 ‘CPPa cPPg
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wherein each i mage corresponds to one specific parallel bundle of parallel
light rays and wherein the generated i mages are separated from one anot her
in a two-di mensional inmaging area (12) describable by a set of two

coordi nat e axes; extracting length, wdth and height information
of the object to be viewed fromthe coordinate values of the points of

i nci dence of corresponding |light rays Qgﬂgsﬁﬁting fromthe very sanme point
of the object to be viewed but travelling 1n different bundles of parallel
light fromthe object to said two-di- nensional inmaging area. 3.

An apparatus according to claim1l or a nethod according to claim2, wherein
a bi-imge beamsplitter (11), a tri-inmge beamsplitter (22), a quad-

i mge beam splitter (26) or a penta-inmage beamsplitter (27) is used as

means for generating nmultiple parallel bundles of parallel Iight rays.
4. An apparatus2ccording to claim3 or a nethod according to claim
3, wherein a wedge shap rism a truncated wedge shaped prism a

pyram dal prismor truncatked pyram dal prismare used as a bi-imge beam
splitter (11), a tri-imgetbeamsplitter (22), a quad-inmage beam splitter
(26) or a penta-im age begmsplitter (27), respectively.

Fig. 30



-35 - 5. An apparatus according to any of the precedi ng apparatus
clains or a nethod according to any of the preceding nethod clains, wherein
a telecentric lens (9), a Macro optical lens or a telecentric | ens of

vari abl e magnification is used as neans for collecting the light rays in
said parallel bundles of parallel |ight _rays. 6. An appar at us
according to any of the preceding app321{35 clains or a nethod according to
any of the preceding nethod clains, wherein an i mage sensor conpri sing

i ndi vi dual pi xel elenments which are sensitive to visible |light and/or
infra-red light and/or ultraviolet light and/or x-rays is used imaging
means for generating i mges of the incident parallel bundles of parallel

l'i ght

{eft image pian image fight image
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rays. 7. An apparatus according to any of the preceding apparatus
clainms or ‘a nethod according to any of the preceding, nmethod clains, wherein
the i mage sensor is a video carrera (2), a line scan canera, a CCD canera or
an an x-ray inmagi ng sensor. An apparatus according to any of
the precedi ng apparatus clainms or a mﬁﬁz cording to any of the

precedi ng method claims, wherein a co 35ional nachine is used as

anal yzi ng device (10) for extracti ng length, width and hei ght information
of the object to be viewed. 9. An apparatus according to any of
the preceding apparatus clains or a nmethod according to any of the

precedi ng nethod clains, wherein neans (9, 17) for generating nmultiple
paral |l el bundles of parallel |ight_rays are provided which are rotatable

relative to i maging neans (2) f 6enerati ng i mages of the incident
paral | el bundl es of parallel d’(g"{r‘ays.
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-36 - 10. An apparatus according to any of the precedi ng apparatus
clainms or a nethod according to any of the preceding nethod clains, wherein
a nonochro- matic light source (8) for illumnating the object to be viewed
or wherein a blue nonochromatic |ight source, a red nonochromatic |ight
source and a green nonochromatic |ight source are used for illum nating the
object (7) to be viewed. 11. A@%@Q-at us according to any of the
precedi ng apparatus clains, wherein sal I ght source (8) is integrated

wi thin a housing of said neans (9) for collecting the Igght rays in said
par al | el bundes of parallel light rays and di- rectin ngm%an I magi ng
means and arrgpged in a predeterm ned spatial re- lation fative to said
nmeans for genefating multiple parallel bundles of paral- :




lel light rays. 12. A met hod according to any of the preceding _
met hod cl ai ns, wherein a reference object (13, 14, 15) of known di nmensions

is placed at a predeterm ned di stance fromthe neans (11, 22,
generating multiple parallel bun- dles of parallel Iight rays
provi de calibration coordinate values in said two-dinensional
(12) which serve as gauge for objects;ﬁSﬁ%E& known di nensi ons
13. A met hod according to claim1Z, erein the reference
a parall el epi ped bl ock-1i ke, a wedge-shaped or a doubl e wedge

26, 27) for
in order to
i magi ng area
to be viewed.
obj ect is of
shaped form

14. A nmet hod according to any of the preceding nethod clains, wherein
promnent features of a reference object are analyzed and stored in said
anal yz- ing device (10) and the data of objects to be viewed are conpared
to the data ob- tailttageor the prom ngaimajeat ures of sagntislageef er ence obj ect.
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-37 - net hod accordi ng to any of the p

recedi ng nethod ai ns,

wher ei n sal d&&ﬂpﬁdg 8 0 rmines the
coordinate d of correspa
different ones of the nultiple i rrages orggi nating
the object to be viewed and cal cu- |lates the distal
poi nts of .incidence. 16. A nmet hod according
met hod cl ai ms, wherein the i magi ng means (2) is no

object (7) to be viewed and scans sai d object.
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hcie §6RI ag%vensaid

tp any of the_ pgrecedi ng
ed relatlw
7. A

according to any of the preceding nethod clainms, w

her ei n

APPARATUS AND METHOD TO MEASURE THREEDIMENSIONAL DATA

The present invention relates to apparatuses and methods to measure three-
dimensional data, namely to measure not only length and width of objects but
also their height as well as their relative distance to the observer.

Humans use two eyes to measure three-dimensional (3-D) objects, for instance
length, width and the third dimension - height. This third dimension can also
be referred to as distance away from the viewer.

This invention presents a novel apparatus and method to measure 3-D data of
length, width and height. For the purpose of this mventxon, the term height
and distance can be used interchangeably.

In order to make the field of the invention more readily understandable the foi-
lowing general remarks are provided with respect to the following known appa-
ratuses and methods to measure 3-D data:

1. Stereoscopic Vision
2. Depth from Focus

3. Laser Range Finding
4. Structured lighting

1. Stereoscopic Vision

It is well known that the measurement of two dimensions (2-D) can be per-
formed with one eye or one view. To measure the third dimension, a second eye
or a second view is required. However, a single eyve can produce two or more
views if the eye is moved in a corresponding position for each view or if the
object is moved in position relative to the eye.

In general, numerous devices are available to measure the third dimension
using the methodology of stereo vision or stereopsis. Fig. 1 shows a convention-



the val ues determ ned for the dinensions of the object (7) to be viewed are
com ,pared with a set of predetérm ned di mensi on values of a reference
~ obj ect and wherein based on the result of the conparisons at |east one
attribute value out of a set of predet erggned attribute values is assigned

to the object to He A met hod according to claim17,
wher ei n sJai d obj ecr§%§m5ﬂ5 I's further mani pul a?ed based on the at
| east one attri butie jval ue previ o as- signed to said object.
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b, Abstract

Apparatus and Method to Measure Three-Dimensional Data

The present invention relates to an apparatus to optically measure three-
dimensional data of an object (7) to be viewed, comprising:

a light source (8) for illuminating an object to be viewed,

a means (11) for generating multiple parallel bundles of parallel light
rays, each of said paraliel bundles of parallel light rays containing image infor-
mation of the object to be viewed and said parallel bundles of parallel light rays
being separated from each other;

a means (9) for collecting the light rays in said parallel bundles of
parallel light rays and directing them on an imaging means;

an imaging means (2) for generating images of the incident parallel
bundles of parallel light rays, wherein each image corresponds to one specific
parallel bundle of parallel light rays and wherein the generated images are
seperated from one another in a two-dimensional imaging area (12) describable
by a set of two coordinate axes;

an analyzing device (11) for extracting length, width and height infor-
mation of the object to be viewed from the coordinate values of the points of in-
cidence of corresponding light rays originating from the very same point (h;) of
the object (7) to be viewed but travelling in different bundles of parallel light
from the object to said two-dimensional imaging area (12).

Furthermore, the invention relates to a corresponding method to optxcally
measure three-dimensional data of an object to be viewed.

(Fig. 8)



