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an object is well known. Cenerally stated, these nethods consist in
generating an interferonetric pattern on the surface of the object and
then analyzing the resulting interferonetric inage (or interferogran) to
obtain the relief of the object. 20 The interferonetric imge generally
i ncludes a series of black and white fringes. Interferonetric methods that
require the use ATLEEQRIHEINVENHONte the interferonetric pattern are
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RELIEF OF AN OBJECT
5

FIELD OF THE INVENTION

The present invention generally relates to methods for
measuring the relief of an object. More specifically, the present invention
10 is concerned with the use of such systems and methods to inspect the
lead coplanarity on circuit board.

BACKGROUND OF THE INVENTION

16 The use of interferometric methods to inspect the surface
of an object for defects or to measure the relief of an object is well known.
Generally stated, these methods consist in generating an interferometric
pattern on the surface of the object and then analyzing the resulting
interferometric image (or interferogram) to obtain the relief of the object.

20 The interferometric image generally includes a series of black and white

_ fnnges

Interferometric methods that require the use of a laser to

generate the interferometric pattern are called “classic interferometric

25 methods™. In such classic methods, the wavelength of the laser and the
configuration of the measuring assembly generally determine the period

of the resulting interferogram. Classic interferometry methods are



generally used in the visible spectrumto nmeasure height variations in the
order of mcron. However, it has been found difficult to use such nethod 5

to-measure height variations (relief) on a surface show ng Akl
beyond 0.5 -wf?%ﬂﬂ‘? en they are inplemented in the visible g’g@&?&’ﬁ%‘

| ndeed, the density of the black and white fringes of the resulting

I nterferogramincreases, causing its analysis to be tedious. 10 Another
drawback of classic interferonetric nethpds is that they require measuring
assenblies that are particularly sensitive to noise and vibrations.
Surface inspection nmethods based on Mire 15 interferonetry allow
nmeasuring the relief of an object in the visible spectrumw th accuracy
much nmore than the accuracy of classic interferonetric nmethods. These

met hods are based | S L.ne: t ween
1) a grid positi o%%%@é#%éﬁ%?‘gﬁe %é&tﬁ)@ @@?ﬁ%%ﬁ%.@@gﬁﬁdgﬁ %n t he
obj ect (" Shadow Myideeofigidron.ques”) 20 or 2) the projection of a grid on the

obj ect and another grid positioned between the object and the canera that
- is used to take a picture of the resulting interferogram ("Projected Mire

Techniques”). In both cases, &evbf W%QE%MS%%@gﬁmgﬁ?ﬁ;oduce

the fringes of the resulting i1 nterferogram re specl
Shadow Moi re téechioi measurecheight vatidtionst phefp fonpassurfacei shpwingrvatiatioas t he

obj ect to be neasllajeryeo?!’d &.[':Q-VJI ?Jlmn%h\e/\f?tgel)/( g?ez%)plgr%gﬁ%olgtﬁg %?séllble spectrum.
Indeed, the density of the black and white fringes of the resuilting
interferogram increases, causing its analysis to be tedious.

10 Another drawback of classic interferometric methods is
that they require measuring assemblies that are particularly sensitive to

noise and vibrations.

Surface inspection methods based on Moiré
15 interferometry allow measuring the relief of an object in the visible
spectrum with accuracy much more than the accuracy of classic
interferometric methods. These methods are based on the analysis of the
frequency beats obtained between 1) a grid positioned over the object to
be measured and its shadow on the object (“Shadow Moiré Techniques™)
20 or 2) the projection of a grid on the object and another grid positioned
between the object and the camera that is used to take a picture of the
resuliing interferogram (“Projected Moiré Techniques”). In both cases, the
frequency beats between two grids produce the fringes of the resulting
interferogram.
25
More specifically, the Shadow Moiré technigue includes
the steps of positioning a grid near the object to be measured, providing



dillumnpnation froma first angle fromthe plane of the object (for exanple
45 degrees) and using a canera, positioned at a second angle (for exanple
90 degrees_fromthe plane of the object), to take pictur

i nt er f er ogVQMOLIE; hce the di stance between the grid ande‘tﬁﬂg‘f:%@fbgsg?

varies, this variation of height produces a variation in the pattern of the
interferogram This variation in the pattern can then be anal ysed to obtain.
the relief of the object. 10 A drawbagk to the use of a Shadow Mire
technique for neasuring the relief off an object is that the grid nust be
positioned very close to the object in order to yield accurate results,
causing restrictions in the set-up of the neasuring assenbly. 15 The
Projected Mdire technique is very simlar to the Shadow Mire technique
since the grid,

. .t a
function sim!l a'pl%@'awﬁ@ﬂgﬁa%%v%ﬁ&ﬁ@ﬁb@ﬁ% ?ﬁgé gEadQ{/gvi ?,/gl r%lgtagchni que.
However, a dravdeirées)fandnsiry acamieeal pobitioredat a eetoridanglé {for example i nvol ves
many adj ustnents and therefore create re,. HSF f inaccuracy jn the
results since i90 r@@[ﬁqse?%éh%dg?"t‘?dﬁi ghigct)¢ %gtﬁ'(ﬁgp' r?%\(?*gﬂths.

Furt hernore, t ﬁte?f:e?ﬁ}gnﬂri d tend to obscure the canera, preventing it
si multane

from bei ng use ously to take other neasurenents.
5 .

Since the distance between the grid and the object
varies, this variation of height produces a variation in the pattern of the
interferogram. This variation in the pattern can then be analysed to obtain

the relief of the object.

10 .
A drawback to the use of a Shadow Moiré technique for

measuring the relief jof an object is that the grid must be positioned very
close to the object in order to yield accurate resuits, causing restrictions

in the set-up of the measuring assembly.

15 -

The Projected Moiré technique is very similar to the
Shadow Moiré technique since the grid, positioned between the camera
and the object, has a function similar to the shadow of the grid in the
_ Shadow Moiré technique. However, a drawback of the Projected Moiré
20 technique is that it involves many adjustments and therefore creates more
risk of inaccuracy in the results since it requires the positioning and
tracking of two grids. Furthermore, the second grid tend to obscure the
camera, preventing it from being used simultaneously to take other

measurements.
25



25 WO 01/ 06210 PCTI CAOO/ 00834 4 A nethod and a systemto neasure the
relief of an object free of the above-nentioned drawbacks of the prior-art
are thus desirable. 5 OBJECTS OF THE | NVENTI ON An obj ect OEC&Rﬁmﬁﬁﬁﬁfnt

i nvention i sSOMB9418, e to provide an inproved method and system tor
measuring the relief of an object. 10 Another object of the invention is
to.provide such a systemsuitable for |ead coplanarity inspection. SUMVARY
OF THE | NVENTI ON 15 More specifically, hg accordance with the present
invention, there is provided a nethod for nmeasuring the relief of an
object using a canera provided with an array of pixels, the nethod
conprising: a) projecting a grid on a reference object; the grid being

| ocated at a first position relative to the canera and to the reference 20

object; b) taking, with the c [ n,i.m h | ect

I 1lum nated by the projected g&%ﬁ@%&dﬂﬂg@ﬁ" r%'ﬁ%"ﬁ%?%%ﬂ%ﬁ“%ﬁjog&d havi ng
intensity val ues fgs SR PAbOYe-mentidride ArawBackscpf the pridr-ant afe lthast two
times with the grid 25 being located at two different known positions

relative to the cdesiiableand to the reference object to yield at |east three
I ntensity values for each pixel;

5 OBJECTS OF THE INVENTION

An object of the present invention is therefore to provide
an improved method and system for measuring the relief of an object.

10 Another object of the invention is to provide such a

system suitable for lead coplanarity inspection.
SUMMARY OF THE INVENTION

15 More specifically, in accordance with the present invention,
there is provided a method for measuring the relief of an object using a
camera provided with an array of pixels, the method comprising:

a) projecting a grid on a reference object; the grid being
located at a first position relative to the camera and to the reference

20 object;

b) taking, with the camera, an image of the reference object
iluminated by the projected grid; the image of the reference object having
intensity values for each pixel;

c) repeating steps a) and b) at least two times with the grid

25 being located at two different known positions relative to the camera and
to the reference object to yield at least three intensity values for each

pixel;



WO 01/ 06210 PCT/ CA0O0/ 00834 5 d) conputing the reference object phase for
each pixel wusing the at least three reference object intensity values for

the corresponding pixel; e) projecting the grid on the abject: grid
bei ng |ocaW@dnlmlgt the first position; f) taking with trFé%Té%‘?F@f“hQZn i mage
of the object illumnated by the projected grid; the inmage of the object
having intensity values for each pixel position; g) repeating steps e) and-
f) at least two tinmes with the grid O being located at the two different
positions to yield at least three int&€nsity values for each pixel; h)
conputing the object phase for each pixel position using the at |east
three object intensity values for the corresponding pixel; and 1)
conputing the difference of height between the object 15 and the reference

obj ect for each pixel fegre j ect
phase for the correspona‘#)ngo&ﬂtﬁgng &&%?%eﬁ%é %y °§3’?’%§? @P%QEFE% élt he
present Inventlm% tther at lédstPihfee trefbréncey Tbjwot f intensitpsvaluey fohetheel i ef of
an object, the system 20 corrprl sing: a grid projecting assenbly; an inage

acqui sition apmfiﬁsngnﬁhﬁﬁlm-ng a canera provided wth an array of pixels;
a conputer configured fof) proecting the grid on the object; the grid being located

5 at the first position;

f) taking with the camera an image of the object
illuminated by the projected grid; the image of the object having intensity
values for each pixel position;

g) repeating steps e) and f) at least two times with the grid

10 being located at the two different positions to yield at least three intensity
values for each pixel;-

h) computing the object phase for each pixel position using
the at least three object intensity values for the corresponding pixel; and

i) computing the difference of height between the object

15 and the reference object for each pixel using the reference object phase
and the object phase for the corresponding pixel.

According to another aspect of the present invention, there
is provided a system for measuring the relief of an object, the system
20 comprising:
a grid projecting assembly;
an image acquisition apparatus including a camera provided
with an array of pixels;
a computer configured for
25 a) receiving from the image acquisition apparatus at least
three images of the projected grid onto the object and at least three
images of the projected grid onto the reference object; each of the images

k 15 Sheet Has Been Replace
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25 a) receiving fromthe image acquisition apparatus at |east three inmages
of the projected grid onto the object and at |east three 1imges of the
projected grid onto the reference object; each of the images This Sheet
Has Been Repwsom@ezmo-i u~[11. 'l 111111 I~ 11111 WD 01/ 06210 BET/CAMBN83H334
6 of the projected grid onto the object corresponding to a different known
position of the grid; each of the imges of the projected grid onto the

ref erence object corresponding to one of the known positions of the grid,

b) conputing the reference object phase®&or each pixel 5 using the at

| east three reference object intensity values for the correspondi ng pixel;
c) conputing the object phase for each pixel using the at |east three
object intensity values for the correspondi ng pixel; and d) computing the
di fference of helqht bet ween the object 10 and the reference object for

each pixel using® HBerP@JSPfGHCSJ'do?f}tEGFe Qhiect cogespandingig a diffesentsknawn t he
oot Pontur?) B Bete AL baon SEYRIRAES, O el SPHISE S ool e
restrictive descrrefdrence objept cdrrespondingiio dhewfithe kdmvrepés:tugweﬁ*thbgriu@y of
DESCR PT1 OV OF' THE DRAW NGS D) A9mRiing ihg JBHERES aPlei Rj4ss for each pixe
5 using the at least three reference object intensity values for the
corresponding pixel;
c) computing the object phase for each pixel using the at
least three object intensity values for the corresponding pixel; and
d) computing the difference of height between the object
10 and the reference object for each pixel using the reference object phase

and the object phase for the corresponding pixel.

Other objects, advantages and features of the present

invention will become more apparent upon reading the following non-

15 restrictive description of preferred embodiments thereof, given by way of
example only, with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
20 In the appended drawings:

Figure 1 is a schematic view of a system for inspecting
the surface of an object according to an embodiment of the present
invention;

25

Figure 2 is a schematic view of both the image

acquisition apparatus and the grid projection assembly of Figure 1;

This Sheet Has Been Rep

[T



Figure 1 is a schematic view of a systemfor inspecting the surface of an
obj ect according to an enbodi nent of the present invention; 25 Figure 2 is
a schematic view of both the inage acquisition apparatupcgichobgasfr i d

proj ecti onVQIVBRY v of Figure 1; This Sheet Has Been Replaced WO 01/06210
PCT/ CAOO/ 00834 7 Figure 3 is a schematic viewillustrating the projection
of a grid on an object; 5 Figure 4 is a block diagramof a nethod for
nmeasuring the relief of an object aCfordi ng to an enbodi nent of the
present invention; Figure 5 is an inmage of a sphere nounted to a board, as
10 taken by the systemof Figure 1; Figure 6 is an inmage of the board of
Figure 5, illumnated by the grid; 15 Figure 7 is an imge conputed by the
system of Figure 1, representing the phase of the board of Figure 6;
Figure 8 is an imge of the sphere of Figure 5 nounted to the board, -
illumnated by the grid; 20 Figure 9 is an inmage conputed by the system of
Figure 1, representing thd&iguraSdsafschematipviewdliugtating the prjgationfof Fi gure 8;

a grid on an object;

5 Figure 4 is a block diagram of a method for measuring
the relief of an object according to an embodiment of the present

invention;

Figure 5 is an image of a sphere mounted to a board, as

10 taken by the system of Figure 1,

Figure 6 is an image of the board of Figure 5, illuminated
by the grid;

15 Figure 7 is an image computed by the system of Figure
1, representing the phase of the board of Figure 6;

Figure 8 is an image of the sphere of Figure 5 mounted
to the board, illuminated by the grid;

20
Figure 9 is an image computed by the system of Figure

1, representing the phase of the sphere with the board of Figure 8;

Figure 10 is an image illustrating the phase variation

25 between the images of Figures 7 and 9;

Figure 11 is an image representing the phase variation



Figure 10 is an image illustrating the phase variation 25 between the

I mges of Figures 7 and 9; Figure 11 is an inmage representing the phase
vari ation / 0 PCT/ CAOCO 00834 8 between a nodul e co e ad
ball s on av&gﬁ’ﬁ%ﬁ and a reference surface; Figure 12 isgg#‘:?‘hgg’éw
representing the phase of the 5 nodule of Figure 11; Figure 13 is an inmage
representing the phase variation between the phase of the inage of Figure
12 and the phase i mage of a conplenentgry surface; 10 Figure 14 is an

i mage representing the phase variation “between the phases of the images of
the conpl enentary surface and the reference plane; 15 Figure 15 is the

I mge of Figure 14 after unw apping. DESCRI PTI ON OF THE PREFERRED

EMBODI MENT Turning now to Figures 1 and 2 of the appended 20 draw ngs, a
system 10 for ne | ' : ' '

enbodi ment of ¢ nEeuredfa IS chifprithgibad Balkiin a3pShieYhd 4 reffonce

i nspecti on syst esufface,onpri ses a grid projecting assenbly 11, an inage
acqui sition apparatus 12, and a 25 conputer 14 advantageously provided
with a storing device 16, an output device 18 and an i nput device 20.

Figure 12 is an image representing the phase of the
5 module of Figure 11;

Figure 13 is an image representing the phase variation
between the phase of the image of Figure 12 and the phase image of a

complementary surface;
10 .

Figure 14 is an image representing the phase variation
between the phases of the images of the complementary surface and the
reference plane;

15 Figure 15 is the image of Figure 14 after unwrapping.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Turning now to Figures 1 and 2 of the appended
20 drawings, a system 10 for measuring the relief of an object, according to
an embodiment of the present invention, will be described.

The surface inspection system 10 comprises a grid

projecting assembly 11, an image acquisition apparatus 12, and a

25 computer 14 advantageously provided with a storing device 16, an output
device 18 and an input device 20.



WO 01/ 06210 PCT/ CAOQ' 00834 9 Turning now nore specifically to Figure 2 of
the appended drawi ngs, the grid projecting assenbly 11 and the i nage

acqui sition apparatus 12 will be described in nore detail, A‘I&QB Ei d
projecti o9y y 11 i ncludes an illum nating assenbl fcf ; bgl d 24
nounted to a novabl e support 26 and a projector 28. The illum nating

assenbly 22 advantageously includes 10 a source of white |light 34 that is -
projected through the grid 24. For exanple, the source 34 is the end of an
optical fiber (not shown) providing 9ight froma white |light source (not
shown). An aspherical lens 36 or any other condenser is also

advant ageousl y used between the source 34 and the grid 24. O her |ight
sources may also be used. It is also believed to 15 be within the reach of

a person skilled in the art_to conceive anoth i 1]l umg nati Qg enbl y
within the spirit of the ptr-rég'élﬂg P%em’%nﬁpeFﬁ@al%n‘Pi ﬁﬂ“&?i noﬁﬁﬁ?he grid
24 may vary de hdsd QPawings, fHes g tprefecting laskEmbRaY &l tife aflageat el y
neasure the re{&?ggh?#uthe 90 obj gct bS : F@? _exaing, it has bee%élf ound
that a ronchi mehuistiochappaptes (2 wihbe deseribeddn moresietait o measure | ead
coplanarity of a circuit board, where a resolution around 1 mMmis

required. The grid 24 is advantageously nounted to a noveable 25 support

26 that allgws di spl acementTHefgridsrojeciich ddsembly 1diirchedeiscm ilweinatingli cul ar
(see double arrow 40 on Figure 2) to both the lines o&th& Qr,id 24 and to
the direction @ssemblydZsadrigi24 meuniedite arpavahlesuppast 26apg a projector

28.

The illuminating assembly 22 advantageously includes

10 a source of white light 34 that is projected through the grid 24. For
example, the source 34 is the end of an optical fiber (not shown) providing

light from a white light source (not shown). An aspherical lens 36 or any
other condenser is also advantageously used between the source 34 and

the grid 24. Other light sources may aiso be used. Itis also believed to

15 be within the reach of a person skilled in the art to conceive another

illuminating assembly within the spirit of thé present invention.

The configuration of the grid 24 may vary depending on

the resolution that is required to adequately measure the relief of the

20 object 30. For example, it has been found that a ronchi ruling having 250
lines per inch allows to measure lead coplanarity of a circuit board, where

a resolution around 1 mm is required.

The grid 24 is advantageously mounted to a moveable

25 support 26 that allows displadement of the grid 24 in a direction
perpendicular (see double arrow 40 on Figure 2) to both the lines on the

grid 24 and to the direction of incidence of the light (dashed line 42 on



WD 01/ 06210 PCT/ CAO0/ 00834 10 Figure 2). The novabl e support 26 is
actuated by a stepping notor (not shown). The stepping notor is

advant ageously controlled by a mcro- 5 controller (not sho | ed by
t he conputer 0106310 our se, "t he st epping notor could be di\r/igeé)cr{':}‘dg/“!“}a&‘§Ji
controlled by the conmputer 14. A projector 28, in the formof a 50 nmTV

l ens, is advantageously used to project the grid 24 onto the object 38. 10
The angl e 8 between the direction of inqbdence of the 1light (dashed line
42 on Figure 2) and the line of sight off¥the image acquisition apparatus
12 (dashed line 44 on Figure 2) may vary depending on the nature of the
object 30 to be neasured. 15 It is believed to be within the reach of a
person skilled in the art to position the illum nating assenbly 22, the
grid 24 and the geiﬂ ? oj ector 28 relative to the object 30 to yield a
projected grid ha Y E’ e desired pitch p onto the object 30. 20 For
exanpl e, a ronchi grid, having a density of 250 lines per inch, with a

di stance 43 of 22 cm between the object 30 and the Pro'ector 28, and for
an angle 9 of 30 degrees, provhaawvablersypper2$ igara A §teppingmaterpi t ch

PioSuch a piLen ! oW 39 slebphgRbio? id AivahtaduBiconraie bPBRrct ™ O
5 controller {not shown) triggered by the computer 14. Of course, the

stepping motor could be directly controfied by the computer 14.

A projector 28, in the form of a 50 mm TV lens, is
advantageously used to project the grid 24 onto the object 38.
10
The angle 8 between the direction of incidence of the
light (dashed line 42 on Figure 2) and the line of sight of the image
acquisition apparatus 12 (dashed line 44 on Figure 2) may vary depending
on the nature of the object 30 to be measured.
15
It is believed to be within the reach of a person skilled in
the art to position the illuminating assembiy 22, the grid 24 and the grid
projector 28 relative to the object 30 to yield a projected grid having the
desired pitch p onto the object 30.
20
For example, a ronchi grid, having a density of 250 lines
per inch, with a distance 43 of 22 cm between the object 30 and the
projector 28, and for an angle © of 30 degrees, provides a projected grid
having a 0.5 mm pitch p. Such a pitch is equivalent to a variation of height
25 of about 1 mm on the surface of the object 30.

Obviously, the pitch of the projected grid will vary with the



Obvi ously, the pitch of the projected grid will vary with the WD 01106210
PCT/ CAOO' 00834 11 pitch of the grid 24. As will be explai ned hereinbel ow,

t he di splacenent of the projected grid 24 on the object
al t er nat i WYUK chi eved by 5 fixing the position of tﬁggmﬁ4 and by

novi ng the object 30 and the canera 46 together. It is to be noted that
the system 10 does not require a grid between the canera 46 and the object.
30. This advantage will be 10 discu% ed herei nbel ow. The inmage acquisition
apparatus 12 includes a canera .46, arovided with an array of pixels, and
I s advantageously in the formof a CCD canera 46. Such a canera provides,
for exanple, a resolution of 15 1300x1024 pi xels. The inage acquisition
apparatus 12 al so advantageously includes a telecentric |ens 48,

advant ageousl y untﬁp H@H%pe camera 46 via an optional extension tube 50.
20 The confi guP4¢? 8h"59 ‘i mage acquisition apparatus 12 and the

di stance between the apparatus 12 and the object 30 determnes the field
of view of the inmge acquisition apparatus 12. Alternatjvely, a desired

“field of view can be achi efSdvillibenexriaipad hersinbalownthe displasempnt o
di stanci ng t heﬁ@?ﬂ?oﬁ@cté«?gﬁ& 9 I the WHjE& 303 Ray Siematitely BE&AChisRY By T epl aced

by a conventio
5 fixing the position of the grid 24 and by moving the object 30 and the

camera 46 together.

It is to be noted that the system 10 does not require a
grid between the camera 46 and the object 30. This advantage will be

10 discussed hereinbelow.

The image acquisition apparatus 12 includes a camera
46, provided with an array of pixels, and is advantageously in the form of
a CCD camera 48. Such a camera provides, for example, a resolution of
15  1300x1024 pixels.

The image acquisition apparatus 12 also advantageously
includes a telecentric lens 48, advantageously mounted to the camera 46
via an optional extension tube 50.

20
The configuration of the image acquisition apparatus 12

and the distance between the apparatus 12 and the object 30 determines
the field of view of the image acquisition apparatus 12. Alternatively, a
desired field of view can be achieved without the extension tube 50 by

25 distancing the camera 48 from the object 30.

The CCD camera can be replaced by a conventional



WO 01/ 06210 PCT/ CAO0/ 00834 12 canera when the conputer 14 is configured to
digitize the acquired inmges. The conputer. 14 is advantageously configured
to-control 5 the displacenent of the grid 24, to process the inages of the
obj ect 30 t 3¥@MA6A0t he canera 46 and to anal yze these i magdELHARIBE, o
the relief of the object 30. The conputer 14 is advantageously provided
witth 10 nenory neans allow ng storing of the inmages when they are
processed by the conputer 14 and therefore increasing the processing
speed. The storing device 16 can be, foﬂzexanple, a hard drive, a witable
CD-ROM drive or other well-known data storing neans. It can 15 be directly
connected to the conputer 14, or renotely connected via a conputer network
such as the Internet. According to an enbodi rent of the invention, the

storing device 16 is used to store both  the i es, taken. by the ipage
acqui sition appar%?ﬂ?ral!’?'eph@er %‘?'FE‘FteBPMT ﬁecq'grgg’ﬁd 19 tﬁgmzq,%{lp@,acqwre

I ntermedi ary resquggsThose files can be stored in any format and 20
resolution that can"be read by the conputer 14. The output device 20 all ows
visualization of the imges and of the data produced by the conputer 14,

and can take many forns fro di spl nitor.to a prinkin evige. 25
The input device 18 can be a%ﬁﬁﬁ@ﬂg}‘%ﬁA]T'D%‘ﬁj‘?é',tagfwﬁgfﬁﬂﬁﬁ'ﬂ%ﬁg" t her
vel | -known inpit @e\disladémeRtsr thalgria4, 8 pPédess the images of the object 30
taken by the camera 46 and to analyze these images to measure the relief
of the object 30.

The computer 14 is advantageously provided with
10 memory means allowing storing of the images when they are processed
by the computer 14 and therefore increasing the processing speed.

The storing device 16 can be, for example, a hard drive,
a writable CD-ROM drive or other well-known data storing means. It can
15 be directly connected to the computer 14, or remotely connected via a
computer network such as the Internet. According to an embodiment of
the invention, the storing device 16 is used to store both the images taken
by the image acquisition apparatus 12, the relief of the object 30 and other
intermediary results. Those files can be stored in any format and
20 resolution that can be read by the computer 14.

The output device 20 allows visualization of the images
and of the data produced by the computer 14, and can take many forms
from a display monitor to a printing device.

25

The input device 18 can be a conventional mouse, a

keyboard or any other well-known input device or combination thereof



WO 01/ 06210 PCT/ CA00/ 00834 13 which allows inputting of data and commands
into the conputer 14. The storing device 16, the display nonitor 18 and the
i nput devig e all connected to the conputer 12 via 5
connectioh“ﬁ%éﬁ@ﬁﬁsuch as data cabl es. The conputer 14 can éﬂgkﬂn4
conventional personal conputer or any other data processing machi ne that

I ncl udes a processor, a nenory and input/output ports (not shown). The

i nput/out put ports may 10 incl ude ne rk connectivity to transfer the

i mages to and fromthe storing device 16. O course, the conputer 12 runs
software that enbodies the nethod of the present invention thereof, as

w Il be described 15 hereinbelow. It is to be noted that the system 10

i ncl udes adj ustable support neans (not shown) to position the inmage

acquisition ap%ﬁ&%ﬂ&w%%npmﬂﬁg bh@atd'drd dInfthaRdd ivdo BieS@ipted 44! el ative to

each other and to the 20 object 30. Alternatively, other registration neans
can be used without departing fromthe nature and spirit of the present
i nvention. Before giving a

the relief of an object ac gfﬁﬁ%‘l?fkj‘g? ésvecl‘F‘PI 3%@@1 %ﬂ'%yr%%m&ﬁe"faoé%d gfegzg;llt "

i nvention, thejppejedlcet DEQrE alNE6hhetted t6UBE eorfipttepdi2nvid sfandaid be
described. Since this theory is believed to be well known in the art and

for concisi®n ponpestion meanssyuch andgtairabigs. ef |y descri bed herein. WO
01/ 06210 PCT/ CAOO/ 00834

The computer 14 can be a conventional personal

computer or any other data processing machine that includes a processor,

a memory and input/output ports (not shown). The input/output ports may

10 include network connectivity to transfer the images to and from the storing

device 16.

Of course, the computer 12 runs software that embodies
the method of the present invention thereof, as will be described

15 hereinbelow.

It is to be noted that the system 10 includes adjustable

support means (not shown) to position the image acquisition apparatus 12

and the grid projecting assembly 11 relative to each other and to the

20 object 30. Alternatively, other registration means can be used without
departing from the nature and spirit of the present invention.

Before giving a detail description of a method for

measuring the relief of an object according to an embodiment of the

25 present invention, the general theory underlying such a method will first
be described. Since this theory is believed to be well known in the art and

for concision purposes, it will only be briefly described herein.



14 The intensity I (xy) for every pixel (x,y) on an interferonetric inage
may be described by the foll ow ng equati on:

| (x,y)=A(X,Yy B(x cos(e(D(x,y)) (1) 10 where AOis the phase variation
(or phase no é&) and A and B are coefficient that can HSd/AMIMBLd for
every pixel . Knomnng t he phase variation ach, the object height
distribution (the relief) at every point h(xy) relative to a reference
surface 15 can be conputed using the fqollow ng equation (see Figure 3):
h(x,Y) _ Acb(x,Y) p (2 2,r tan(8) wl8re p is the grid pitch and a is

t he projection angle, as described hereinabove. 25 Al though the above
equation is valid for a parallel projection of the grid on the object, as
illustrated in Figure 3 (note that the incidence ray 60 fromthe grid
projection are parallel), it is believed to be wthin the reach of a
person skilled in the art to use another equation if the grid projection

is not parallel. 30 For exanpirge iﬁteﬁ‘s?lﬁ t)g@y) ffgpng,é/wt Bp({%l!] {ﬂ_@m stance

projection that the pitch p and the angle i ncrease
fromthe grid on nerigremetrico PCT/ CA00/ 00834 15 the plan of the reference

surface (see x Onm'gg%urhgy %23 ciescrllg]eadS by ﬁ'le foﬁlowmg equation:
I{x. y) = Alx, ) + B(x, ) cos@®(x, ) (1)

10 where Adis the phase variation (or phase modulation), and A and B are

coefficient that can be computed for every pixel.

Knowing the phase variation A&, the object height
distribution (the relief) at every point h(x,y) relative to a reference surface
15 can be computed using the following equation (see Figure 3):

_ Aq)(x’y) P
h(x,.}’) - 27[ . tan(B) (2)

where p is the grid pitch and 6 is the projection angle, as described

hereinabove.

25 Although the above equation is valid for a parallel
projection of the grid on the object, as illustrated in Figure 3 (note that the
incidence ray 60 from the grid projection are parallel), it is believed to be
within the reach of a person skilled in the art to use another equation if the
grid projection is not parallel.

30

For example, it has been found with a pinhole projection
that the pitch p and the angle ¢ increase with the distance from the grid on



that with a first order approximtion, variations in p and a cancel each

ot her out and the Equation 2 renmains valid within a certain limt of the
paranmeters. 5 It is believed within the reach of soneone skilled in the :
art to re-WOAMEI® the relation between the variation of ¥R, y) and
t he phase 60, and to nmake corrections to the relation according to the
configuration of the systemused to neasure the relief. 10 Turning now to
Figure 4 of the appended drawi ngs, a nethod for nmeasuring the relief of an
obj ect according to an enbodi ment ofl5the present invention will be
described in nore detail. 15 Generally stated, the nmethod consists in
measuring the relief of an object 30 using the system 10 by perform ng the
following steps: 100 - positioni ng the grid 24 at a first position

relative to 20 a referen ect ; ecti he qrid 24 nthe
ref erence obj eéhepl pamoﬁ @i%’?ﬂéesb\ﬁf??? é?&’@ fgé'rﬂgg hﬁ‘aﬁﬂ’é‘ﬁ

ref erence obje % I ?,ag,l',u e I mage;
106- repeati ng('Eﬁ Eevgts}giglgﬁ ﬁBlﬁQ ééisbp t%v%&!tolh%ég W th @éﬁcﬁﬁ%aglﬁ‘l d

posi tioned at btherlwn/addftherﬁquatlanﬂmemesNaMMthm gicertaimlimit ofishe t hree

intensity values for, _each pixel; 108 - conputing the phase for each pixel
usi ng the WO 0PREEBAESeCT/ cCACO 00834

5
It is believed within the reach of someone skilled in the

art to re-evaluate the relation between the variation of height h(x,y) and
the phase A&, and to make corrections to the relation according to the
configuration of the system used to measure the relief.

10
Turning now to Figure 4 of the appended drawings, a

method for measuring the relief of an object according to an embodiment
of the presént invention will be described in more detail.

15 Generally stated, the method consists in measuring the
relief of an object 30 using the system 10 by performing the following

steps:

100 - positioning the grid 24 at a first position relative to
20 areference object;
102 - projecting the grid 24 on the reference object;
104 - taking, with the camera 46, an image of the
reference object to gather an intensity value for each pixel of the image;
106 - repeating steps 100 to 104 at least two times with
25 the grid positioned at two new different known positions to yield at least

three intensity values for each pixel;
108 - computing the phase for each pixel using the



16 three intensity values; 110- repeating steps 100 to 108 by repl aci ng
the reference object with the object 30 to be neasured; 112 - conputing,
for each pixel, the difference of height 5 between the object 30 and the
ref erence obMex@i/0630usi ng the respecting phases thereof foPGEAPOPR3%e
and 114 - determning the relief of the object for each pixel using the

di f.ference of height at every pixel. 10 These general steps wll now be
further described with reference to a first exanple where the object 62 to
neasure is a sphere 64 nounted to a bodfd 66. An i nage of said object 62
can be seen in Figure 5. 15 By choosing a simlar board as the reference
object, the difference of height between the object 62 and the reference
object will provide the height of the sphere 64. The conmon el enment to the
object 62 and the reference object is, in this exanple, the board 66. 20
In step 100, the @Wﬂ'nﬁﬂﬁ'qvﬁ&#@d to a first predetermned position using
the support 26 that is actuat by, : | I | n

di scussed herei nabove, the sygbem rfgaﬁ?l@# %%Q%gﬁgd?g&a‘rﬁ%gi '!er lrﬁéfix
the position of trefergnceloBjéctiwith tirecobject3Gitolle meastited; to the reference
object (and later the object 5 1n st 02, th rid. 24 is then,

prJoj ect ((ad onto the ref eJr encZa‘I?J%J'e‘fﬂmpm%’}oreaCﬁ p&eﬁthedl%ferenoeor}%elght

5 between the object 30 and the reference object by using the respecting

phases thereof for every pixel; and
114 - determining the relief of the object for each pixel
using the difference of height at every pixel.

10 These general steps will now be further described with
reference to a first example where the object 62 to measure is a sphere
64 mounted to a board 66. An image of said object 62 can be seen in

Figure 5.

15 By choosing a similar board as the reference object, the
difference of height between the object 62 and the reference object will
provide the height of the sphere 64. The common element to the object
62 and the reference object is, in this example, the board 66.

20 in step 100, the grid 24 is moved to a first predetermined
position using the support 26 that is actuated by the stepping motor. As
it has been discussed hereinabove, the system 10 includes means to
register and fix the position of the grid 24 and the camera 46 relative to the
reference object (and later the object).

25

In step 102, the grid 24 is then projected onto the

reference object.



WO 01/ 06210 PCT/ CAOQ 00834 17 In step 104, the canera 46 takes an i mage of
the reference object. 5 The imge includes an intensity value for each

pi xel of @thme The conputer 14 stores these intensidervsdoldeass f or
future processing. Steps 100 to 104 are then repeated at least twice with

10 the grid positioned at two new known different positions (step 106).
This "will provide three slightly different inmages and therefore the three -
intensity values for each pixel. Ongyof the three inmages of the board
illumnated by the grid 24 can be seen in Figure 6. 15 Since Equation 1
conprises three unknowns, that is A, B and A O, three Intensity. values
11, /2 and 13 for each pixel, and therefore three imges, are required to
conput e the phase variation d0. The two new i nages are taken foll ow ng
small 20 translations of the grid 24 relative to the surface of the
reference object. The displacenents are so chosen as to yield phase
variations in the i mages step 104, the samera 483 takesi an r'@@gﬁt@f Fhe t hree
equations sim| L E tion 1 for each pixel of the pixel array of the
camera 46: 25 _R$%8 D+aspn) (3) with n=1,3. WO 01/ 06210

PCT/ CAO0/ 00834 18 By solving the system of Equation 3, one obtains the

5 The image includes an intensity value for each pixel of
the image. The computer 14 stores these intensity values for future

processing.

Steps 100 to 104 are then repeated at least twice with
10 the grid positioned at two new known different positions (step 106). This
will provide three slightly different images and therefore the three intensity
values for each pixel. One of the three images of the board illuminated by

the grid 24 can be seen in Figure 6.

16 Since Equation 1 comprises three unknowns, that is A,
B and A9, three intensity values /,, /, and /, for each pixel, and therefore

three images, are required to compute the phase variation AJ.

The two new images are taken following small

20 transtations of the grid 24 relative to the surface of the reference object.
The displacements are so chosen as to yield phase variations in the
images Ap;, Agp,and Aps. This results in three equations similar to

Equation 1 for each pixel of the pixel array of the camera 46:

25 I, =A+B-cos@®+Ap,) (3)
with n=1,3.



val ue of A(P. The displacenents of the grid 24 are chosen so as to

advant ageously provide different values of Agpl i arp2 and a(p3. 5
According to rred enmbodinent of the present inventi QawywdMohBossfan
three i rrages“g)rog'roﬁéﬁ This yield additional intensity values tRat can be

used to increase the precision of the calcul ated phase. 10 Mt hods
according to the prior-art often require the use of four imges and al

four values fromthese i mages are taken ﬁor phase estimation. Since a

met hod according to the present inventia requires only three inages,

addi tional images may be used to increase the 15 precision and reliability
of the nmethod. By keeping, for exanple, four (or nore) images, it is

possi ble to discard noisy pixels or images and to keep only the pixels
havi ng the nost advantageous intensity values. Indeed, if one of the four
20 intensity values is noisy (that can be caused, for exanple, by an inmage
saturation), the correspondi nByisoivings they systembef Equatiora8ecdneicbitaing the

conprom sing the preC| esul ting_phase for thi articul ar

pi xel . AlternatiwWaiye %@ Qﬁ@mgﬁnf@@mqw%%é the, WQI%&?’% °g%" spmagided to
traditional |y conphift Néﬂﬁé met as a | east
square fit. However, égéﬁ)ugﬂﬂgswﬁg cou not é?@égﬁf Zg’lgroneo(gg phase

val ues to be &onput ed for certain pi xel s, potentially WO 01/06210

PCT/ CAO0/ 00834 19 According to a preferred embodiment of the present
invention, more than three images are taken. This yield additional
intensity values that can be used to increase the precision of the
calculated phase.

10
Methods according to the prior-art often require the use
of four images and all four values from these images are taken for phase
estimation. Since a method according to the present invention requires
only three images, additional images may be used to increase the

15 precision and reliability of the method.

By keeping, for example, four (or more) images, it is
possible to discard noisy pixels or images and to keep only the pixels
having the most advantageous intensity values. Indeed, if one of the four

20 intensity values is noisy (that can be caused, for example, by an image
saturation), the corresponding intensity can be eliminated without
compromising the precision of the resulting phase for this particular pixel.

Alternatively, more then three intensity values can be

25 used to traditionally compute the phase using a numerical method such
as a least square fit. However, such a method could not prevent
erroneous phase values to be computed for certain pixels, potentially



causing inprecision in the conputation of the relief of the object.
According to another preferred enbodi nent of the present invention, the
di spl acenents of the grid between the second and 5 third { d the
fourth i malQ)P1R040 chosen so as to provide two inmges haJFﬁgaﬁgg&gggrees
phase variations &p" (see Equation 3). This allows obtaining an i nage of
the reference object (or of the object) wthout the projected grid. This
can be achi eved by addi ng the intensH val ues of the two i mages phase
shifted by 180 degrees. 10 More generdlly, if the sum of the phase
variations of sone of the three or nore i mages taken by the canera 46 is
360 degrees, a correspondi ng two-di nensional inmage can be obtai ned by
adding the intensity values of these imges for each pixel. This

reconposed two c%ggﬂgg@gacm irﬂ%tﬂ@%ﬁnf&fa?ioﬁ%f tﬁé‘?‘%ﬁgﬁﬁ‘%t’%@j ected grid.

Thi s i mage may o performar prell mnar ysis ol the reference
object (or of the object) that may speed-up any subsequent anal ysis that
will be performed on the image or .the VS| ues that wll J’eSL{H f{llom step

112. 20 In step 108, the pHeEANding I8AnRtEr Preisged empbpdiment; pf 4R ¢ y
val ues (or theﬁ?ége?ﬁirﬂ@ﬁﬁoﬁ.@ﬁéaﬁg%ﬂhﬁ%ﬁhé gfid eéﬁ\beéwmlelseeand §Ad Vi ng the

Equations 3. This can be achieve using a conventiona nuneri cal
met hod, for5exdhipd emageséardctile fourthdohage) are chosen) sgashto pravidariwe equat i on

herein. The. rednRoeh e pind 8% Beofhes HaeyafBlion e, 8 £Ha08F V%1 06210
PCT/ CA00/ 00834 zjiows obtaining an image of the reference object (or of the object) without |
the projected grid. This can be achieved by adding the intensity values of
the two images phase shifted by 180 degrees.
10
More generally, if the sum of the phase variations of
some of the three or more images taken by the camera 46 is 360 degrees,
a corresponding two-dimensional image can be obtained by adding the
intensity values of these images for each pixel. This recomposed two-
15 dimensional image does not include the projected grid. This image may
be used to perform a preliminary analysis of the reference object (or of the
object) that may speed-up any subsequent analysis that will be performed
on the image or the values that will result from step 112.

20 In step 108, the phase is computed using the three
intensity values (or the three best _intensity values) for each pixel by
solving the Equations 3. This can be achieved by using a conventionali
numerical method, for example. Numerical methods for solving such
system of equation are believed to be well known in the art and will not be

25 described herein.

The resulting phase of the reference object for every



20 pixel is illustrated in Figure 7. \Wen the nethod of Figure 4 is used to
I nspect a series of objects, steps 100 to 108 may be advant ageously

performed only once 5 for the reference object before the i | Thi s
~allows the iﬂ%”ggggoof the speed of the inspection. Steps f@g f%mQ@§4are
repeated by replacing the reference object by the object to neasure, i.e.
the object 62. 10 One of the inmages of the sphere 64 with the board 66,
illumnated by the grid 24, can be seen,in Figure 8. Since there is no
difference in performng steps 100 to 3@ 108 with the object and with the
ref erence object, and for concision purposes, these steps will not be

descri bed again by referring to the object. The resulting phase of the
sphere 64, with the board 66, 20 is illustrated in Figure 9. It is to be

noted that the z ol o f Figure 9 is caused by the shadow of
t he sphere 64. I%&'Z%"k%tggﬁﬂé%zence of hei ght between the object 30
and the reference object is conputed for every pixel, as obtained in 25

step 108, by subtracting the phase of the reference object fromthe phase
of the inspected object. The Ybenthe metheshelFigureshiswsed fo inspecka series\p

01106210 PCT/ CAOQY QB sebs' 0015 108 sy DS Blartighouslpelicinea GiiBHbS < 11
5 for the reference object before the inspection. This allows the increase of

the speed of the inspection.

Steps 100 to 108 are repeated by replacing the
reference object by the object to measure, i.e. the object 62.

10
One of the images of the sphere 64 with the board 66,

ilfluminated by the grid 24, can be seen in Figure 8.

Since there is no difference in performing steps 100 to

16 108 with the object and with the reference object, and for concision

purposes, these steps will not be described again by referring to the
object.

The resulting phase of the sphere 64, with the board 66,
20 is illustrated in Figure 9. It is to be noted that the zone 68 in the image of
Figure 9 is caused by the shadow of the sphere 64.

In step 112, the difference of height between the object

30 and the reference object is computed for every pixel, as obtained in

25 step 108, by subtracting the phase of the reference object from the phase
of the inspected object. The resulting image is shown in Figure 10.



for the object and for the reference object, and illustrated in Figures 7
and 9, correspond to surface phases relative to an inmginary projection

pl an. 5 When a non-parallel projection of the grid 24 is done this :
i nagi nary WO®1/e€19 on pl an becones slightly curved. This iECTHAO i nenta
with the nethod for neasuring the relief of an object according to the
present invention since both the inages of the object and of the reference
obj ect are taken with the same system 10. 10 Since the phases of the object
and of the reference object at each?li xel correspond to the difference of
hei ght between the object (or the reference object) and the same inmaginary
projection plane (since the sane systemw th the sane optical set-up is
used), their 15 subtraction yields the difference of height between the

object and the reference gbject. This allows the inmage acquisiiion of the
object and of the refereni'eilsé de't“?‘iﬁ?é“ﬂ%f’h%?%@'ﬂﬁ'ﬂfga i ?peﬁéﬁt

|umi nation. - g h6r/2et AR 1 Rlerddds oS8, &Y l1BéirAtbd WFIgORisETd | . €. 1 ts

20 height, is erm r each pixel using the difference of height at

every pixel b& cemespdnd tolsudface phasesirelative to an dnagibpeyprojgstion plamk ng t he
di rensions of the reference object. As will now appear obvious to a person
of ordinary skills 25 in the art, a nethod according to an enbodi nent of

the presentginvention canvigen aatbriparafisipropctitre of td gri¢ 2acisajoneei ght
bet ween two obj ects (one being the reference). In this case, step 114 is

obvi ously not fhisfimaginary \nwjesliare plem pegoroe® cightys surved.  This is no
detrimental with the method for measuring the relief of an object according

to the present invention since both the images of the object and of the
reference object are taken with the same system 10.

10
Since the phases of the object and of the reference

object at each pixel correspond to the difference of height between the
object (or the reference object) and the same imaginary projection plane
(since the same system with the same optical set-up is used), their

15 subtraction yields the difference of height between the object and the
reference object. This allows the image acquisition of the object and of
the reference object to be performed under different illumination.

in the optional step 114, the relief of the object, i.e. its
20 height, is determined for each pixel using the difference of height at every
pixel between the object and the reference object and knowing the

dimensions of the reference object.

As will now appear obvious to a person of ordinary skills

25 in the art, a method according to an embodiment of the present invention

can be used to measure the difference of height between two objects (one
being the reference). In this case, step 114 is obviously not performed.



In sone applications, it may be advantageous to use a plane surface on

whi ch the object to neasure will be laid on during neasurenent as the
ref-erence object. 5 In some applications, it my be advanta _ ovi de
the system 1@%’9# 1 registration systemto hel p position tﬁ }één&/&t’&;nd
the reference object to a known position relative to the canera. |ndeed,
since a conpari son between the object and the reference object is 10
performed for each pixel, a registratiﬁﬂ?systen1nay'ensure t hat
correspondi ng points are conpared. Suc egi stration system may take many
forms including indicia on plane surface, a stand or a software program

I npl emented in 15 the conputer. It is to be noted that the i mages may be
first acquired and then processed at a future tinme wthout departing from
the spirit of the present invention. 20 As will be apparent upon reading
the present description, a nethod, according to an enbodi ment of the
present invention, allows tHa smapplmﬁoné]et maylbefadvhnmge@hseotusaaa ng

white light. 25 Al though the pres i nvention has e descrlbed with an
exanpl e where spm'ﬁ:ég rfaes @é‘t!’hl‘x’?‘e thgeahigeletp maasyre HNEbPhlé‘q RBp&INGDN  and

f WO 01/ 06210
gﬁci‘_f &83}388 83 p O%é&ttﬁen%ﬁt BOtHY &fdreh68 bbfgi.at | ons.

5
In some applications, it may be advantageous to provide
the system 10 with a registration system to help position the object and
the reference object to a known position relative to the camera. Indeed,
since a comparison between the object and the reference object is
10 performed for each pixel, a registration system may ensure that
corresponding points are compared.

Such registration system may take many forms including
indicia on plane surface, a stand or a software program implemented in

15 the computer.

It is to be noted that the images may be first acquired
and then processed at a future time without departing from the spirit of the
present invention.

20

As will be apparent upon reading the present description,
a method, according to an embodiment of the present invention, allows
the measure of the relief of an object using white light.

25 Although the present invention has been described with
an example where spherical objects are measured, it allows the inspection
and measurement of objects having other configurations.



The sane object may al so act as the reference object when the system 10 is
used to study the variation in time of an object's relief.

AIternatlver, t he reference object nay be replaced by a nodel of"
the obj ectWOIMAI%: od, for exanple, by a Conputer AsSi ste%{”g%"(CAD)

t hat woul d have been V|rtuaIIy positioned according to the set-up of the
system 10. 10 The reference object may also be a simlar object having
defects within acceptabl e paraneters nce, the subtraction of the phases
of the object and of the reference olﬁ ect will set forth the defect of the
obj ect under inspection. This aspect of the invention is particularly 15
Interesting to inspect the relief of an object having inportant variations
of relief. Indeed, since the phase values are limted in the range 0 to
2it the maxi mum hei ght ho that can be detected by nost systens of 20 the
prior-art is ho- P (see Equation 2). tan(B) Usually the unw apping of
phase is done by using a grthé sa’?ﬁelobjechmay ais¢abtasﬂ1éfefeneanelobjédrge to

S,nf ;J r e\,\})hgﬁ / 8%&%%}%% 3tgg§£'¢§e<£"gp stugy the \r}anatlon lﬂ tlmé) o? ano jred s (0 to
relief.
5
Alternatively, the reference object may be replaced by a
computer model of the object, generated_, for example, by a Computer
Assisted Design (CAD) that wouid have been virtually positioned
according to the set-up of the system 10.
10

The reference object may also be a similar object having
defects within acceptable parameters. Hence, the subtraction of the
phases of the object and of the reference object will set forth the defect of
the object under inspection. This aspect of the invention is particularly

15 interesting to inspect the relief of an object having important variations of

relief.

Indeed, since the phase values are limited in the range
0 to 2= the maximum height h, that can be detected by most systems of
20 the prior-artis

hy P (see Equation 2).
tan@)

Usually the unwrapping of phase is done by using a grid
25 having a pitch p sufficiently large to ensure that all height variations will be
in a single-phase order (0 to 2x).



A drawback to this is the loss of precision that it inplies. For exanple,
If the object to be neasured is tilted according to the inage acquisition

apparatus, the |ost of precision may be inportant. 5 The fo npl e
will illustr WO a nethod according to the present i nven{:?)gnragl?qi}ﬁ

prevention of the above drawback and relates to | ead coplanarity

I nspection on a circuit board. Figure 11 is an inage show ng the relief of
a nodule 69 10 conprising a plurality % | ead balls 70 on a substrate 72.
The image of Figure 11 is obtained by g rform ng steps 110 to 114 of
Figure 4. In this exanple, the object is the nodule 69 (including the
substrate 72 and the lead balls 70) and the reference object is a
reference plane surface (not shown). 15 It can be seen in Figure 11, by

the variation in the grey Shﬂ?ﬁa %%\@tHIWﬁ' lBQ?BfH&@ls%ﬁbtﬁg irﬁpl?er?se' s not

parallel to a plane surface I 'mage prOV|des ci sion

in measuring the fFeriaxampd, if theobjeut éebe hivasurdd ibhlﬁedabedrdtﬂgaowmhﬂadwve
been plane. Indeed, it_is to be 20 noted that, the tjlt in the substrate 72

on the inmmage is rRfAUstipaPRaratusecthedost Qfiprecisiop mpay E?I'@E?@a'?the act ual
configuration of the substrate 72. The small variation in height of each
| ead ball 70 may be lost in the overall wvariation in the substrate 72
profile. 25 Athough one can Thedeliowing exampieewilkiiigstratehhowoa miethothl | y

rectify the substrate .on th such algo |thmrra add to, the
i nspection proces®P ?hﬁ‘:,e e?é%%‘é iayenfion; allows IV W% tf‘ﬁeawye

01/06210 PCT/ CACI]rQQIBﬁék and relates to lead coplanarity inspection on a circuit board.

Figure 11 is an image showing the relief of a module 69
10 comprising a plurality of lead balls 70 on a substrate 72. The image of
Figure 11 is obtained by performing steps 110 to 114 of Figure 4. In this
example, the object is the module 69 (including the substrate 72 and the
lead balls 70) and the reference object is a reference plane surface (not
shown).
15
It can be seen in Figure 11, by the variation in the grey
shade in the image, that the substrate 72 is not parallel to a plane surface.
Therefore, such image provides less precision in measuring the height of
the object than if the substrate would have been plane. Indeed, it is to be
20 noted that the tilt in the substrate 72 on the image is not caused by the
system 12, but reflects the actual configuration of the substrate 72. The
small variation in height of each lead ball 70 may be lost in the overal!

variation in the substrate 72 profile.

25 Although one can conceive a computer algorithm to
virtually rectify the substrate on the image, such algorithm may add to the
inspection process time. This can be seen as a drawback when the



25 inspection is perfornmed in real-tinme on a production line. The proposed
solution is to use an approximation of the surface of the substrate as a

second referen bject. 5 Indeed, it may be advant ageouSpcradadddtdds Pi xel .
to first ‘?Pﬁb{s@hée) hei ght of the substrate 72 relative to a p’fane surface,

secondly the height of the lead balls 70 relative to the substrate 72 and
to finally add these two heights to provide the overall height of the
object, i.e. the 10 substrate with ge bal |l s. The phase of the nodule is
illustrated in Figure 12 and is obtaned through steps 100 to 108 of the
met hod of Figure 4. 15 Information about the surface of the substrate 72 is
then obtained by analyzing the pixel corresponding to the substrate 72
(between the balls 70) on the inmage of Figure 12 where a pseudo-phase

i mge of a co gg,?‘]ﬁ L S 6 odhiti eight of the balls 70
I's conput ed fglmsgac rg%&ﬁ“h%'g??p@igg by ggﬁtraégﬁﬁg&t he phase of the
nodul e (Figure 12), and the phase of the conplenentary surface. The
resulting i mage can be see(ns_ in Figure ,13. .25 Simlarl .tr}e hef\lt ht of the
substrate 72 is conmputed fdhePE iSPtion 43 18 15L135 aw%gmﬁ PRy t he
phase of the coppl&iEfthaslibsiPate A sachdirBferehsebjeet. t he reference pl ane.
The resulting 1mage can be WO 01/06210 PCT/ CA0OO/ 00834 26
5
Indeed, it may be advantageous, at each pixel, to first

find the height of the substrate 72 relative to a plane surface, secondly the

height of the lead balls 70 relative to the substrate 72 and to finally add

these two heights to provide the overall height of the object, i.e. the

10 substrate with the balls.

The phase of the module is illustrated in Figure 12 and
is obtained through steps 100 to 108 of the method of Figure 4.

15 Information about the surface of the substrate 72 is then
obtained by analyzing the pixe! corresponding to the substrate 72
(between the balls 70) on the image of Figure 12 where a pseudo-phase

image of a complementary surface is computed.

20 The height of the balls 70 is computed for each pixel
(step 112) by subtracting the phase of the module (Figure 12), and the
phase of the complementary surface. The resulting image can be seen

in Figure 13.

25 Similarly, the height of the substrate 72 is computed for
each pixel (step 112) by subtracting the phase of the complementary
surface and the phase of the reference plane. The resulting image can be



seen in Figure 14. This phase image is then unw apped (see Figure 15). The
hei ght of the nodule 69 is then obtained by adding the height of the
phases of Figures 13 and 15. 5 Although the present invention has been
descri bed hWPSMMAEAGve by way of preferred enbodi nents ther EB6T/CAN00834, e
nodi fied wthout departing fromthe spirit and nature of the subject
invention, as defined in the appended clains. WO 01/06210 PCT/ CAOO 00834
27 111111 HE 11111112111 * CL MS WHAT IS CLAIMED IS: 1. A method for
nmeasuring the relief of an object using® camera provided with an array of
pi xel s, said nmethod conprising: 5 j) projecting a grid on a reference
object; the grid being located at a first position relative to the canera
and to the reference object; k) taking, with the canera, an inmage of the
reference object illup nat .sagid projected grid; said i e of the
reference obj ect S€8f '%Eﬁ%?gnﬁéﬁsﬁ%e\l@ﬁbﬁﬁ qﬁ%ﬁpﬂ?igﬂe,erﬁgurﬁe@ati ng
steps a) and b) at least two tines with the grid being |located at two

di fferent known positions relative to the camera and to the reference
object to yield at |east threEhe heighkofithe madule 69 ds thenadbtaiped dly;adding

the height of the phases of Figures 13 and 15.

Although the present invention has been described
hereinabove by way of preferred embodiments thereof, it can be modified
without departing from the spirit and nature of the subject invention, as
defined in the appended claims.



15 m computing the reference object phase for each pixel using the at
| east three reference object intensity values for the correspondi ng pixel;

n) projectj grid on the object; the grid being | ocag@Gcadiloosdi d first
@q’U&'&?‘é ATOpE3

posi tion; v king with the canera an i mage of the object um nat ed
by said projected grid; said inmage of the object having intensity val ues
for each pixel position; p) repeating steps e) and f) at |least two tines
with the grid being |ocated at said different positions to yield at
| east three intensity 25 values for each pixel; q)—ecomputi+ng—-the. object

phase for each pixel position using the at |east t | ' ity
val ues for the corresponding pixel; and if Sheet EIIEH% iﬂ""ﬁjﬂ p\o
01/ 06210 PCT/ CAOO/ 00834 28 1111111 C 11111111111 LTkl I *

conputing the dyfiAg 1S CIEAIMED$89ht between the object and the reference
obj ect for eac Uusing sald reference object phase and said object
phase for the corresponding pixel. 5 2. A nmethod as recited in claiml1,

the ref er ence. obj act forl- Banetnge o feasi L tectedpt o1 8% hEER B8 ) “The ™
obj ect. 3. A nighista providsd Wit ahanelyaf pixkls, shidrméthodiconigrisirgast one 10 of
steps d) and h), the phase Ac is conputed for each pjxel by sol ving
5 j) projecting a grid on a reference object; the ‘grid being
located at a first position relative to the camera and to the reference
object;

k) taking, with the camera, an image of the reference object
illuminated by said projected grid; said image of the reference object

10  having intensity values for each pixel;

I) repeating steps a) and b) at least two times with the grid
being located at two different known positions relative to the camera and
to the reference object to yield at least three intensity values for each
pixel;

16 m) computing the reference object phase for each pixel
using the at least three reference object intensity values for the
corresponding pixel;

n) projecting the grid on the object; the grid being located
at said first position;

20 o) taking with the camera an image of the object
illuminated by said projected grid; said image of the object having intensity
values for each pixel position;

p) repeating steps e) and f) at least two times with the grid
being located at said two different positions to yield at least three intensity

25 values for each pixel;

q) computing the object phase for each pixel position using
the at least three object intensity values for the corresponding pixel; and

i¥ Sheet Has Been Replaced
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the follow ng systemof equations: In = A + B cos(A(D + AV.,) where !"
represent the at least three intensity values, A and B are known

coefficients and A(pn are phase variations caused by the di 0834
| ocati ons ofWPWé/"Q}H)d. 4. A method as recited in claim 3, \I\I&é?lgliﬁ&%al d

system of equations is solved using a nunerical nethod. 20 5. A nethod as

recited in claiml1, wherein, in step c), steps a) and—b)—are+repeated-nore

than two times with the gri:d being | oc d at m)reth '
known positions relative to the canera @hd to the ref ilmmllgijllrﬂl[“l
yield said at least three intensity values and at |east * ome addstisOna

val ue for each pixel and, in step d), a selection is perforned 25 anong the

at least three intensity values and the at | east one additional This Sheet
Has Been Replaced I111u H1l1l LI /[ / 3 I
LUULITT CEETnn 1| 1111]f}1jlclf’h‘idtbprh?@!g@gg%«t?‘&%ﬁﬁé’%ﬂﬁbé@%&
advant ageous i nt einglithy refelare?; obiett forldaich el tisingbaih tsfgienve ob]@cﬁﬁﬁéée/
val ues being used to conpute the reference object phase for each pixel. 5
6. A nethod as r@ndisaid phiest phagerfor heearespondingRixele) | steps a) and b)
are repeated nore than two times with the grid being |ocated at nore than
two different known positions relative to the canera and to the reference
obj ect to yiebd nore than RhrAeemetinddas récited dh claim dn furthen comprisitly, usirighe :

t hree npst advant ageous val u from said re than {hree nost
sa% c?i#erenoe o? ﬁeightsrgetween the object and the reference object for

each said pixel to determine the relief of the object.

3. A method as recited in claim 1, wherein, in at least one
10 of steps d) and h), the phase A® is computed for each pixel by solving

the following system of equations:

I, =4+ B-cos(AD+Agp,)

where /, represent the at least three intensity values, A and B are known
coefficients and Ag, are phase variations caused by the different

15 locations of the grid.

4. A method as recited in claim 3, wherein said system of

equations is solved using a numerical method.

20 5. A method as recited in claim 1, wherein, in step c¢), steps
a) and b) are repeated more than two times with the grid being located at
more than two different known positions relative to the camera and to the
reference object to yield said at least three intensity values and at least
one additional value for each pixel and, in step d), a selection is performed

25 among the at least three intensity values and the at least one additional

This Sheet Has Been Replaced
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10 advant ageous intensity values are used to conpute the reference object
phase for each pixel. 7. A nmethod as recited in claim1l, wherein, in step

g), Ssteps _e f) are repeated nore than two tines W tftReebdsd Pei ng
| ocat ed atwo)féia#}g?e than two different known positions re at?ve to the

canera and to the object to yield said at | east three intensity val ues and
at | east one additional value for each pixel and,--+A-step—h}—a—selection .

is performed anong the at least thr intensity | east
one additional values to yield the three nost adnmmmllmi" “mlalml ty
val ues and said 20 three nost advantageous intensity walwest ase wused to

conpute the object phase for each pixel. 8 A nethod as recited in claim

1, wherein, in step g), steps a) and b) are repeated nore than two tines

ith th id ' - - i c
W th the gri %ﬁd&tbmgﬁ@?%@gg?g\gat@%ébﬁgﬁtg%w QAIRBE; iPWMteROSI ti ONS

relative to the caner nore than three intensity
val ues and, i n most@addantapeoushintepsityraliuessheing used tieeemputethacefarence! | 11 | |
Lrrrerrrrr 111111 01/ %6210 PCT/ CAOCO' 00834 30 1"l 1111 HiIl 11111111 C
L s nost advarﬂ%’fég\gﬂgs‘?/ r&achPX8h said nore than three intensity val ues

are used to conpute the object phase for each pixel. _

5 6. A method as recited in claim 1, wherein, in step c), steps
a) and b) are repeated more than two times with the grid being located at
more than two different known positions relative to the camera and to the
reference object to yield more than three intensity values and, in step d),
the three most advantageous values from said more than three most

10 advantageous intensity values are used to compute the reference object

phase for each pixel.

7. A method as recited in claim 1, wherein, in step g), steps

e) and f) are repeated more than two times with the grid being located at

15  more than two different known positions relative to the camera and to the
object 1o yield said at least three intensity values and at least one
additional value for each pixel and, in step h), a selection is performed
among the at least three intensity values and the at least one additional
values to yield the three most advantageous intensity values and said

20 three most advantageous intensity values are used to compute the object

phase for each pixel.

8. A method as recited in claim 1, wherein, in step g), steps

a) and b) are repeated more than two times with the grid being located at

25 more than two different known positions relative to the camera and to the
object to yield more than three intensity values and, in step d) the three

heet Has Been Replaced
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9. Anmethod as recited in claim1l, wherein, in step c), said 5 tw known
positions of the grid are chosen so as to provide at |east two inmages of
t he object having a 180 degrees difference i'n phase thereb
met hod as r eWPOEB62% claim 9, wherein a two- 10 di mensi onal 5%%§@°’“°%9t he
obj ect is conputed by subtracting said at |least two images of t he Obj ect
having a 180 degrees difference in phase therebetween; said
di mensi onal i mage bei ng used.to perfor n:}{g prelimnary anal
object. 15 11. A nmethod as recited in cfaim1, vvhereum um mﬁ\@\mald
two known positions of the grid are chosen so as to
I mges of the reference object having a 180 degrees dlfference I n phase
t herebetween. 20 12. A nethod as recited in claim1l, wherein a two-
di mensi onal image of the refere ect sai d
at least two i rrad’@%snﬂd"?ﬂtggm‘f%\’%“%% 4%&%@& tﬁ'%féétei’g@ ‘réégéé ake
difference in phQ@gdtﬂggbﬁmtmbjgglﬁhagwommxgnal | mage being used to
performa prelimnary anal'ysis of ‘the reference object. 25 13. A nethod as
recited in claim1, wherein said reference object is a plane surface. This
Sheet Has Been Repl aced || g !
e CADDT 00894 Aethdd b reditba it J:ilam 1, WhistdinVi dp 8P <k

5 two known positions of the grid are chosen so as to provide at least two

images of the object having a 180 degrees difference in phase

therebetween.

10. A method as recited in claim 9, wherein a two-

10 dimensional image of the object is computed by subtracting said at least
two images of the object having a 180 degrees difference in phase
therebetween: said two dimensional image being used to perform a

preliminary analysis of the object.

15 11. A method as recited in claim 1, wherein, in step g), said
two known positions of the grid are chosen so as to provide at least two
images of the reference object having a 180 degrees difference in phase

therebetween.

20 12. A method as recited in claim 11, wherein a two-
dimensional image of the reference object is computed by subtracting said
at least two images of the reference object having a 180 degrees
difference in phase therebetween; said two dimensional image being used
to perform a preliminary analysis of the reference object.

25

13. A method as recited in claim 1, wherein said reference

object is a plane surface.
I —
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311 Ilo uuuuL M'S 14. A nethod as recited in claim1, wherein said
ref erence obj ect is said object at a past predetermned tinme and said

ref erence %tdﬁ@%\}‘éﬁ Zfleol s conputed around said past tingepe %ﬁ%ﬁpy step

i) provi de¥ n of height at each pixel between sal past tine
and the approximate time when the object phase is conputed. 15. A nethod
as recited of claiml, wherein said reference object is a CAD of the

object; said grid being virtually po?.lt i oned and 10 projected into said

CAD in step a) and said inage of said referenc [m mul ated in
step b). 16. A systemfor neasuring the relief E“ﬂ ﬁ"ﬂl"ﬂg’“ﬂﬂ' system
conprising: 15 a grid projecting assenbly; an inagé atqutsiti on apparatus
including a canmera provided wth an array of pixels; a conputer configured
for a) receiving fromthe image acquisition apparatus at |east 20 three

I mages of the projected grid onto the object and at | east three inages of

the projected grid onto ﬂheAmthodlaseecitq'ddntciaimdbhvl'lﬁfreiaa’atiﬂ reéfeneges of t he
projected grid t he, 0 t corre (%# dlf ren knovvn position
of the grid; é@’lﬁ“gf' §§'idd°j g%tsa(gps %'ﬁ'&?deﬁ"ﬁr? ref@ifBC® of er ence
obj ect COfreSpr’Bch?ﬁtha Rdmputéd bfbunadid pastitimens of the 25 grid; This
Sheet Has Been | aced

5 whereby step i) provides the vanatlon of height at each pixel between said

past time and the approximate time when the object phase is computed.

15. A method as recited of claim 1, wherein said reference
object is a CAD of the object; said grid being virtually positioned and
10 projected into said CAD in step a) and said image of said reference object

being simulated in step b).

16. A system for measuring the relief of an object, said
system comprising: _
15 a grid projecting assembly;
an image acquisition apparatus including a camera provided
with an array of pixels;
a computer configured for
a) receiving from the image acquisition apparatus at least
20 three images of the projected grid onto the object and at least three
images of the projected grid onto the reference object; each of said
images of the projected grid onto the object corresponding to a different
known position of the grid; each of said images of the projected grid onto
the reference object corresponding to one of said known positions of the

25 grid;
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~ 1rreerr rerrrr 101 1kl WO 01/ 06210 PCT/ CAOCO 00834 LilliliJdi
FEE P 1l 1~ 11" 32 b) conputing the reference object phase for each
pi xel usin | east three reference object intensity t he
correspondi%ﬁbgﬁQ@%? c) conputing the object phase for each¥§#&§ﬁmﬁ§%hg t he
at 5 |least three object intensity values for the correspondi ng pixel; and
d) -conputing the difference-of hei ght between the object and the reference
obj ect for ' ' said refer e object phase and said object
phase for Umﬁﬁmﬂi‘m“m pi xel . 10 1. The use of the nethod of claiml
for |ead-c W isnspection. This Sheet Has Been Replaced 111111111
Frrrrerrr 111111 :

b) computing the reference object phase for each pixel
using the at least three reference object intensity values for the
corresponding pixel;

¢) computing the object phase for each pixel using the at

5 least three object intensity values for the corresponding pixel; and

d) computing the difference of height between the object
and the reference object for each pixel using said reference object phase
and said object phase for the corresponding pixel.

10 17.The use of the method of claim 1 for lead-coplanarity
inspection.

_—
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