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| NSPECTI ON OF AN OBJECT FI ELD OF THE | NVENTI ON The present invention reI at es
to nethods for three- 10 di nensional inspection objects. Mre specifically,
the present invention is concerned with a system for sinultaneous projections
of nmultiple phase- shifted patterns onto objects for their three-di nensional
i nspection. BACKGROUND OF THE | NVENTI @N 15 The use of interferonmetric nethods
for three-di nmensional inspection of an object or to neasure the variations of
height (relief) of an object is well known. Generally stated, these nethods
consist in generating an interferonetric pattern on the surface of the object
and then 20 analyzing the resulting interferonetric image (or interferogram
to obtain the TIFLECOFTHE INVERTION. The interferonetric inmage generally
includes a series of black and white fringes. Interferonetric nethods that
require the use of a laser to 25 generate the interferonetric pattern are
usually called "classic 'SVSefFEIW rsmgﬁ-ﬂg%&usl ﬁR?j‘\fébﬁb;l\%i fpTEL hods, the
wavel engt h of the

MULTIPLE PHASE-SHIFTED PATTERNS FOR THE THREE-

5 DIMENSIONAL INSPECTION OF AN OBJECT

FIELD OF THE INVENTION

The present invention relaies to methods for three-
10 dimensional inspection objects. More specifically, the presgnt invention
is concerned with a system for simultaneous projections of mulitiple phase-

shifted patterns onto objects for their three-dimensional inspection.

BACKGROUND OF THE INVENTION

15
The use of interferometric methods for three-dimensional
inspection of an object or to measure the variations of height (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
20 analyzing the resulting interferometric image (or interferogram) to obtain
the relief of the object. The interferometric image generally includes a

series of black and white fringes.

Interferometric methods that require the use of a laser to
25 generate the interferometric pattern are usually called “classic
interferometric methods”. In such classic methods, the wavelength of the

laser and the configuration of the measuring assembly generally



5 10 determne the period of the resulting interferogram C assi
interferonetry nethods are generally used in the visible spectrumto sure
hei ght wvariations in the order of mcron. However, there has been difficulty
In using such a nethod to neasure height variations on a surface show ng
variations in the order of 0.5-1 mmwhen they are inplenented in the visible
spectrum Indeed, the density of thesblack and white fringes of the resulting
i nterferogram increases, causing the analyzis to be tedious. Another drawback
of classic interferometric nethods is that they require nmeasuring assenblies
that are particularly sensitive to noise and vibrations. 15 Three-di nensi onal
i nspection net hods based on Mdire interferonetry allow for a nore accurate
neasur ement of déﬂ@mqhdamétpérmadtd?%e l‘é'sﬁl'tlﬁd; mtérré?é% rakin GRisSie iMerféd t he accuracy
of classic interferometric nethods. These nethods are based on e analyzis
of the frequendpeth@datagem&railadiagdtmébﬁvrﬁ)blasgecfmrpdglmema hmht the object
to be 20 npasur\%gla§$'q8 It tﬁez)pgéj’o? nger he object ("Shadow Mire Techni ques") or

2) the projecti a gri ject, wth another grid positioned

| aser and the configuration of the neasuring assenbly generally CQTQ %’&Ozf
im o
a

5 However, there has been difficulty in using such a method
to measure height variations on a surface showing variations in the order
of 0.5-1 mm when they are implemented in the visible spectrum. indeed,
the density of the black and white fringes of the resulting interferogram

increases, causing the analyzis to be tedious.

10
‘Another drawback of classic interferometric methods is that
they require measuring assemblies that are particularly sensitive to noise
and vibrations.
15 Three-dimensional inspection methods based on Moiré

interferometry allow for a more accurate measurement of the object in the
visible spectrum as compared to the accuracy of classic interferometric
methods. These methods are based on the analyzis of the frequency
beats obtained between 1) a grid positioned over the object to be
20 measured and its shadow on the object (“Shadow Moiré Techniques”) or
2) the projection of a grid on the object, with another grid positioned
between the object, and the camera that is used to photograph the
resulting interferogram (“Projected Moiré Techniques”). In both cases, the
frequency beats between the two grids produce the fringes of the resuiting

25 interferogram.



i nterferogram ("Projected Mdiire Techniques"). In both cases, &

beats between the two grids produce the fringes of the resulting 2
interferogram 3 Morre specifically, the Shadow Mire technique includes the
steps of positioning a grid near the object to be neasured, providing
IllTumnation froma first angle fromthe plane of the object (for exanple 45
degrees) and using a canera, positiongd at a second angle (for exanple 5 90
degrees fromthe plane of the object), to photograph the interferogram Since
the di stance 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 analyzed to obtain 10 the relief of the object. A
drawback to the use of a nNradpeciliballyetHeeSHtoUofr@ techiRpRUALIGdeS e el i ef of
an object is that the grid nust be very closely positioned to the object in
order to yiel d depsichpesitiosing: a gridangardhe obieqtdethe praasHEed, previdinget - up of t he

nmeasuri ng asse 0] Lre.t ' i S. Sk t Shadow
Moi re techni qumﬁwgﬁgﬁﬁg&gé ﬁ%rt Sﬁ%'gﬂ"ﬂﬁweeﬁﬁ%@% %ﬁﬁ O?)he?t gé'&r%ga&ﬁéﬁcﬁtehe obj ect,
has a functi on ddgreégraridausirtea shmeeay pokitibhed 8t 4 decdnd aegiSifatexarmpleMdi r e

techni que. However, a further drawback of the Projected Mire technique is

that it inv8l vel degigeafipidhaplang of figiokipeh). de phatogeapbrthe inferferogram.

bet ween the object, and the canera that is used to photograph g he @I ingl_r
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 analyzed to obtain

10 the relief of the object.

A drawback to the use of a Shadow Moiré technique for
measuring the relief of an object is that the grid must be very closely
positioned to the object in order to yield accurate results, causing

15  restrictions in the set-up of the measuring assembly.

The Projected Moiré technique is 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
20 Moiré technique. However, a further drawback of the Projected Moiré
technique is that it involves many adjustments, and therefore generally
produces inaccurate resuits since it requires the positioning and tracking
of two grids. Furthermore, the second grid tends to obscure the camera,
preventing it from being used simultaneously to take other measurements.

25 ‘
The use of methods based on “phase-shifting”

interferometry allows measurement of the relief of an object by analyzing




produces inaccurate results since it requires the positioning %;}a kiwf
two grids. Furthernore, the second grid tends to obscure the c ;

preventing it from being used sinmultaneously to take other nmeasurenentd. 25
The use of nethods based on "phase-shifting” interferonetry allows
measurenent of the relief of an object by analyzing ~g~ Zaoc))f 4 the phase
variations of a plurality of imges of the object after projections of a
pattern thereto. Each image correspondg to a variation of the position of the
grid, or of any other means producing the pattern, relative to the object. 5
I ndeed, the intensity !(x,y) for every pixel (x,y) on an interferonetric

I mge nay be described by the follow ng equation: ! (x, y) = A(X, Y) + B(x, Yy)
cos(A(X, y)) (1) where dP is the phase variation (or phase nodul ation), and A

and B are a cogid pliasNariafiéhs 6Fd plealRpDiH{Res loP theedtsst afek plojectionsn t he PCT
application No. V\A)Ol/ 06210, enti FI edm}?NEt hod And System FngNEasuri ng The

Rel ief OF An CbpbapattemndhersimeEach image cpaespensis ta anarintien afibe Rosiighem f or
measuring the hgy g %r‘?éE &rhf%ed}ﬁer HRERY pRoducfifPthe! fHtfeen ARAEIBABL T

i mages. |ndeed, “sinc qua
object.
5
Indeed, the intensity /(x,y) for every pixel (x,y) on an
interferometric image may be described by the following equation:
1(x, )= A(x, ) + B(x, y) cos@P(x; ) (1)
where AD is the phase variation (or phase modulation), and A and B are
a coefficient that can be computed for every pixel.
15

In the PCT application No. WO 01/06210, entitled “Method

And System For Measuring The Relief Of An Object”, Coulombe ef al.
describe a method and a system for measuring the height of an object
using at least three interferometric images. Indeed, since Equati‘on 1

20 comprises three unknowns, that is A, B and 4@, three intensity values /,,

1, and /; for each pixel, therefore three images are required to compute the

phase variation A@.

Knowing the phase variation 4@, the object height
25 distribution (the relief) at every point h(x,y) relative to a reference surface

can be computed using the following equation (see Figure 1):

AD(x, yé 4

27 - tan(9) @)

h(x,y) =




20 conprises three unknowns, that is A, B and AQ three intensit lpes !

/2 and 1. for each pixel, therefore three i mges are requiredélﬁ{éﬁa 6§§H€%
phase variation A Knowi ng the phase variation dE, the object height
distribution (the relief) at every point h(x,y) relative to a reference
surface can be conputed using the follow ng equation (see Figure 1): h(x,y) =
Ad>(x, (2) 2,r . tan(8) 5 where pis the grid pitch and 0 is the projection
angl e, as described hereinabove. 5 The three images used by Coul onbe et al.
correspond to small translation of a grid relative to the surface of the
object. The displacenents of the grid are so chosen as to yield phase
variations in the inages. Coul onbe et a!. suggest obtention of the imges by
using a systemthat allows noving the grid relative to the object to be
measured. 10 A minor drawback of such a systemis that it requires noving the
grid between each take of images, increasing the inmage acquisition tinme. This
can be parti culwhére pgesrthergridapitchf and ek isnfhieeprojdotion sangte, aas gesenheéds used to

i nspect novi ng ijec s on a production line. Mre generally, any noving parts
in such systens"HEYPPRYE t he possibility of inmprecision and 15 al so of

br eakage. 20

5 The three images used by Coulombe et al. correspond to
small translation of a grid relative to the surface of the object. The
displacements of the grid are so chosen as to yield phase variations in the
images. Coulombe ef al. suggest obtention of the images by using a
system that allows moving the grid relative to the object to be measured.

10 A minor drawback of such a system is that it requires moving the grid
between each take of images, increasing the image acquisition time. This
can be particularly detrimental, for example, when such a syétem is used
to inspect moving objects on a production line. More generally, any
moving parts in such systems increase the possibility of imprecision and

16  also of breakage.

A method and a system for three-dimensional inspection of

an object free of the above-mentioned drawbacks of the prior-art is thus

desirable.
20
SUMMARY OF THE INVENTION
More specifically, in accordance with the present invention,
there is provided a three-dimensional image Qrabber comprising:
25 a pattern projecting assembly for simultaneously projecting

at least two phase-shifted patterns onto an object; each of the projected

patterns being characterized by a predetermined bandwidth; and



25 A nethod and a system for three-dinmensional inspection of ob-egt

of the above-nentioned drawbacks of the prior-art is thus des%?ébﬁgdg @kkﬁ%f
OF THE | NVENTI ON More specifically, in accordance with the present inwkention,
there is provided a three-dinensional inmage grabber conprising: a pattern

proj ecting assenbly for sinultaneously projecting at |east two phase-shifted
patterns onto an object; each of the projected patterns being characterized
by a predeterm ned bandwi dth; and 6 5zan i nage acqui sition apparatus sensitive
to the predeterm ned bandw dths for Simnultaneously taking an i mage of each of
the projected patterns on the object. According to another aspect of the
present invention, there is provided a systemfor neasuring the relief of an
obj ect, the systemconprising: a pattern projecting assenbly for

si mul t aneously projectingp aih.lég%aséc({dgi% p%gﬁﬁr'a‘iu' fsBAsIRGL t 86 NSthant o the
e

obj ect; each of the project 10 patterns ng characterized by a
- predeterm ned Ipaedaternined bandwitlifes tac giniutaneoushaiakinganisnagaefigdoheft o t he

pr edet er mi ned ?ﬁ‘é‘%‘r’%jé’ét@é pfaacran{[saokr{ ﬁ\%o%rj]eclt.nage of each of the at |east three

5 According to another aspect of the present invention, there
is provided a system for measuring the relief of an object, the system
comprising: |

a pattern projecting assembly for simultaneously projecting
at least three phase-shifted pattemns onto the object; each of the projected
10  patterns being characterized by a predetermined bandwidth;
an image acquisiton apparatus sensitive to the
predetermined bandwidths for taking an image of each of the at least three
phase-shifted projected pafterns on the object; each of the images
including a plurality of pixels having intensity values; and
15 a controller configured for:
a) receiving from the image acquisition apparatus the at
least three images of the projected patterns onto the object;
b) computing the object phase for each pixel using the at
least three object intensity values for the corresponding pixel; and
20 ' c) computing the relief of the object at each pixel posiﬁon

using the object phase at the corresponding pixel position.

A systém according to the present invention may
advantageously be used for lead-coplanarity inspection.
25




phase-shifted projected patterns on the object; each of the |na éﬂ#qg}
a plurality of pixels having intensity values; and 15 a control t#%%
for: a) receiving fromthe i nmage acquisition apparatus the at | east

i mages of the projected patterns onto the object; b) conputing the object
phase for each pixel using the at |east three object intensity values for the
correspondi ng pi xel; and 20 c) conputing the relief of the object at each

pi xel position wusing the object phase at the corresponding pi xel position. A
system according to the present invention nmay advantageously be used for

| ead- copl anarity inspection. 25 7 According to still another aspect of the
present invention, there is provided a nethod for neasuring the relief of an
obj ect conprising: simultaneously projecting at |east three phase-shifted .5

pat terns onto the obiect; Nechid il ahoeadtctatie pleddifindbnidiast thr e

phase shifted patterns on the o ct to gat an In en5|ty val ue at pi xel
positions on theei isngeqvided (a)rmmthoahgfot reeadyjringt thehaskeff of araobjest t he pi xel
10 positions u5| n% the at least three object intensity values for the
simultaneously projecting at least three phase-shifted
-5 patterns onto the object;
a) taking an image of each of the at least three phase
shifted patterns on the object to gather an intensity value at pixel positions
on the image;
b) computing the object phase for each of the pixel
10 positions using the at least three object intensity values for the
corresponding pixel; and
c) compuﬁng the relief of the object at each pixel position
using the object phase at the corresponding pixel position.

15 » A system and a method for measuring the relief of an object
according to embodiments of the present invention are advantageous

since they allows inspection of a moving object using fixed components.

Other objects, advantages and features of the present
20 invention will become more apparent upon reading the following non-
restrictive description of preferred embodiments thereof, given by way of

example only with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

25

In the appended drawings:



correspondi ng pi xel;
position using the object phase at the correspondi ng pi xel

and c) conmputing the relief of the object at eac |er

posi £.8n

system and a nmethod for nmeasuring the relief of an object ‘according to

enbodi ments of the present invention are advantageous since they allows

I nspection of a noving object using fixed conponents. O her objects,

advant ages and features of the present 20 invention will becone nore apparent

upon reading the follow ng non restri %tive description of preferred
enbodi nents thereof, given by way of

exanple only with reference t

acconpanyi ng draw ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS 25 In the
drawings: 8 Figure 1 is a schematic viewillustrating the projection of grid
Figure 2 is a schematic view of a systemfor nmeasuring the 5

on an object;

|'i ef of b s
el o, an oblect accorta s ‘9ﬂ?&@ﬁ%@@%ﬁ@‘#@faﬁ@etﬂ%@ﬁé&aﬁ e

2 accordi ng -t o gridf on ah objgedi nent of the present invention;

10

15

20

25

Figure 2 is a schematic view of a system for measuring the

rélief of an object according to an embodiment of the present invention;

Figure 3 is a schematic view of the three-dimensional image
grabber of Figure 2 according to a first embodiment of the present

invention;

Figure 4 is a schematic view of a spectral splitter according -

to an embodiment of the invention;

Figure 5 is a schematic view of the three-dimensional image
grabber of Figure 2 according to a second embodiment of the present

invention;

Figure 6 is a schematic view of the three-dimensional image
grabber of Figure 2 according to a third embodiment of the present

invention;

Figure 7 is a schematic view of the three-dimensional image
grabber of Figure 2 according to a fourth embodiment of the present

invention; and

Figure 8 is a block diagram illustrating a method for
measuring the relief of an object according to an embodiment of the

o the
appended

ntion;
r of Figure




Figure .4 is a schematic vi
enbodi nent of the invention
t hr ee-di nensi onal inage 15
enbodi nent of the present

t hr ee- di nensi onal inage gr
of the present 20 inventio
t hr ee- di nensi onal inage gr
of the present invention;
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grabber of Figure 2 according to a second
invention; Figure 6 is a schematic view of the
abber of Figure 2 according to a third enbodi nent

n, Figure 7 is a schematic view of the

abber of Fjgure 2 according to a fourth enbodi nent
and 25 Figure 8 is a block diagramillustrating a
elief of an object according to an enbodi nent of
DESCRI PTI ON OF THE PREFERRED EMBCDI MENT Turni ng now

to Figures 2 and 3 of the appended draw ngs, a system 10 for neasuring the

relief of an oby iR S
wi |l be descri Eié%éq‘r'\e syg{-1

conprises a grid projecting

ing to an enbodi mrent of the present invention,

em for nmeasuring the relief of an object 10 10

assenbly 11, an inmage acqui sition apparatus

10

15
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25

DESCRIPTION OF THE PREFERRED EMBODIMENT

Turning now to Figures 2 and 3 of the appended drawings,
a system 10 for measuring the relief of an object, according to an

embodiment of the present invention, will be described.

The system for measuring the relief of an object 10
comprises a grid projecting assembly 11, an image acquisition apparatus
12, and a controller in the form of computer 14 advantageously provided
with a storing device 16, an output device 18 and an input device 20.
Together, the grid projecting assembly 11 and the image acquisition
apparatus 12 form a three-dimensional image grabber (hereinafter
referred to as a “3D grabber”) 15 and will be described hereinbelow in

t

more detail.

The computer 14 is advantageously configured to process
the images obtained by the system 15 and to analyze these images to

measure the relief of an object 30 (see, for example, Figure 3).

The image processing and the measurement of the relief of
the object 30 may be advantageously done using a method according to
an embodiment of the present invention, as will be described further.
However, other methods can also be used, without departing from the
spirit and nature of the three-dimensional image grabber of the present

invention.




12, and a controller in the formof conputer 14 advantageously provided wth
a storing device 16, an output device 18 and an i nput device ;%;1 thOOI-}-
the grid projecting assenbly 11 and the inage acquisition appalatus forma
t hr ee- di nensi onal inage grabber (hereinafter 15 referred to as a "3D gfabber™)
15 and will be described hereinbelowin nore detail. The conputer 14 is
advant ageously configured to process the inmages obtained by the system 15 and
to anal yze these images to 20 neasure the relief of an object 30 (see, for
exanple, Figure 3). The inage process1i0ng and the neasurenent of the relief of
t he object 30 may be advant ageously done using a nmethod according to an

enbodi nent of the present invention, as will be described further. 25 However,
ot her nmethods can al so be used, wi thout departing fromthe spirit and nature
of the three-dinensional imge grabber of the present invention. ,-loot 10

The conputer 14 is advantageously provided with nenory neans allow ng the

storage of the imges whReCBRIpURre4ns aaeaRagedsly PRVidEAWItH Membtyt 0 therefore
i ncrease the processing speed. 5 The storing device 16 can be, for exanple, a

hard drive, a mgansalipwirgihesiurage efdhe imagasavhencdhey rreopiacensed byttbei ng neans.

It can be computer 14 to therefore increase 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 be
directly connected to the computer 14, or remotely connected via a
computer network such as the Internet. According to an embodiment of

10 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 many format and

resolution that can be read by the computer 14.

15 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.

The input device 18 can be a conventional mouse, a
20 keyboard or any other well-known input device, or combination thereof,

which allows inputting of data and commands into the computer 14.

The computer 14 can be a conventional personal computer

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

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

include network connectivity to transfer the images to and from the storing
device 16.




directly connected to the conputer 14, or renotely connected V|a ogguter
network such as the Internet. According to an enbodi nent of

the storing device 16 is used to store both the inmages taken by t he ( mage
acqui sition apparatus 12, the relief of the object 30 and other internediary
results. Those files can be stored in many format and resolution that can be
read by the conputer 14. 15 The output device 20 allows visualization of the
i mages and of the data produced by th conputer 14, and can take many forns
from a display nonitor to a printiné device. The input device 18 can be a
conventional nouse, a 20 keyboard or any other well-known input device, or
conbi nation thereof, which allows inputting of data and conmands into the
conputer 14. The conputer 14 can be a conventional personal conputer or any
ot her data processing machine that includes a processor, a 25 nenory and

I nput/out put ports (not shown). The input/output ports may include network

connectivity to transferOf bsurssaiecotrputerd  rupgsoftdafd that Behbodis g 16. 11 5
10 O course, the corrputer 12 runs software that enbodies a nethod for

measuring the Méthed fer maasybngdhe weliefvof jamebigsscas yll bagtesrribed ow,

hereinbelow.
5
Tuming now specifically to Figure 3 of the appended
drawings, a 3D grabber 15, according to a first embodiment of the present
invention, will be described in more detail.
10 The grid projection assembly 11 includes an illuminating

assembly 22, a grid 24 mounted to a support (not shown), and a projector
28.

The illuminating assembly 22 advantageously includes a

15  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. It is believed to be within the reach of a person skilled in the art to

20 conceive another illuminating assembly within the spirit of the present
invention. Alternatively, the grid may be replaced by any pattern mounted

in a frame.

~According to a first embodiment of the present invention, the

25 illuminating assembly 22 also includes a spectral splitter (or “light splitter”)
35 positioned between the illuminating assembly 22 and the grid 24 (see
Figure 4). The spectral splitter 35 is designhed to decompose the white



Turning now specifically to Figure 3 of the appended draw ngs, a ﬁl gab er
15, according to a first enbodi nent of the present invention=wf Ljbé OO){'

described in nore detail. The grid projection assenbly 11 includes an
illumnating assenbly 22, a grid 24 nounted to a support (not shown), "and a
projector 28. The illum nating assenbly 22 advantageously includes a 15

source of white light 34 that is projected through the grid 24. For exanpl e,
the source 34 is the end of an opticql fi ber (not shown) providing |ight from
a white light source (not shown). An gspherical | ens 36 or any ot her

condenser is al so advantageously used between the source 34 and the grid 24.
It is believed to be within the reach of a person skilled in the art to 20
conceive another illum nating assenbly within the spirit of the present

i nvention. Alternativel t gLid.may be r aged by a at.tern. mounted in
a frame. Accor fﬂg&?oorgg%’??cgﬁye&ﬁouﬁﬁeﬂ”rgﬁ ef%@ﬁﬁraéséﬁfp%ﬁé;e#f?'@ﬂt the 25
11 um nating agpeehibomaticiights (diehUstele thre@ e6iEeasitld fided'in @gurel4 ght
splitter”) 35 positioned between the illum nating assenbly 22" and the grid 24
(see Figure Aleprasentspmonpehromaticiight) osive sorleyeranping bartivddthisose the white
aoo if 12 5 10
5 Of course, if one of the 3D image grabbers 15, 17, 19 and
21 is to be used for the measure of the relief of an object using a phase-
shifted method, they should be modified to simultaneously project at least

three phase-shified grids as will be explained hereinabove.

10 Alternatively, any means configured to decompose white
light into a plurality of monochromatic lights or into two non overlapping

bandwidths may also be used.

Also, a non-white source of light including a plurality of

15 monochromatic light may alternatively replace the source of white light.

Since devices producing such results are believed to be

well-known in the art, they will not be described herein in further detail.

20 The configuration of the grid 24 may vary depending on the
resolution that is required to adequately measure the relief of the object
30. For example, it has been found that a ronchi ruling having 250 lines
per inch allows measurement of the lead coplanarity of a circuit board,
where a resolution of approximately 1 mm is required.

25

A projector 28, in the form of a 50 mm TV lens, is

advantageously used to project the grid 24 onto the object 38.



i ght 37 produced by the light source 34 into at |east two dim 200
nonochromatic lights (each of the three styles dashed |ines i 0 ‘f

represent a nonochromatic light) or two non overl appi ng bandw dt hs. Of{/course,
if one of the 3D imge grabbers 15, 17, 19 and 21 is to be used for the
measure of the relief.- of an object using a phase- shifted nethod, they should
be nodified to sinmultaneously project at |least three phase-shifted grids as
wi || be expl ai ned herei nabove. AIterq tively, any means configured to
deconpose white light into a pluraliay of nonochromatic lights or into two
non overl apping bandw dths may al so be used. Al so, a non-white source of
light including a plurality of 15 nonochromatic |light may alternatively

repl ace the source of white Iight. Since devices producing such results are
believed to be well-known in the art, they will not be described herein in
further detail. 20 The configuration of the grid 24 may vary depending on the

resolution that is requiTrs Use &§AMTAIClight'RRBEE B4t hrdjdcked ThroBbhtde obj ect
30. For exanple, it has been found that a ronchi ruling having 250 |ines per

inch al | ows neapeetmtsnlittes35tiand thendhrough argiidi24adantagecusiyiallowsdhel, where a

of “a 50 nm Tv PERUEAREE Felbchol it et e bBrpotprrBbRbetAed ik on the

obj ect 38. & JuA tHBGbject 30.

The spectrai splitter 35 may alternatively be in the form of a
prism-like device, decomposing the white light into a continuous spectrum
of light. In the current example, the image acquisition apparatus 12 may

10  be configured fo be sensitive to a discrete number of wavelengths.

The angle 6 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

15  nature of the object 30 to be measured.

It is believed to be withiﬁ the reach of a person skilled in the
art to position the illuminating assembly 22, the grid 24 and the grid
projector 28 relative to the object 30, to yield projected grids having the

20 desired pitch p onto the object 30.

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 0 of 30 degrees, provides projected grids having a 0.5

25 mm pitch p. Such a pitch is equivalent to a variation of height of about
1 mm on the surface of the object 30.




13 The use of a white |ight source 34 projected through a specléiiﬁgpltt%s
35 and then through a grid 24 advantageously allows the S|nul A0 )f
projection of at |east two nonochromatic phase-shifted grids 5 onto t

obj ect 30. The spectral splitter 35 nay alternatively be in the formof a
prismlike device, deconposing the white light into a continuous spectrum of
light. In the current exanple, the inage acquisition apparatus 12 nay 10 be
configured to be sensitive to a discr ﬁte nunber of wavel engths. The angle 0
between the direction of incidence of * he i ght (dashed line 42 on Figure 2)
and the line of sight of the imge acquisition apparatus 12 (dashed |ine 44
on Figure 2) may vary depending on the 15 nature of the object 30 to be
nmeasured. It is believed to be within the reach of a person skilled in the

o1 oj octor 28 rel at i ve t OPREUERPEERER B heoiskl M ElaR R i Ny (e

20 desired pit glticthobtheqyrid@.obj ect 30. For exanple, a ronchi grid, having a
density of 250 lines per inch, with a distance 43 of 22 cm bet ween t he obj ect
30 and the projector 28, and for an angle 0 of 30 degrees, provides projected

grids having a 0.5 25 L i i t vari ation of
hei ght of about 1 nmm g?t ﬁ]{g%sbuﬁ tgggﬁ%ftﬁ?%gétgﬁ] J('aq;'fj Sg%wg}%yedag%@d
5 between the camera 46 and the object 30. This advantage will be

discussed hereinbelow.

Alternatively, the grid projection assembly 11 may be
configured to project any other pattern by substituting the grid 24 for a

10  semi-transparent plate including a characterized design.

The image acquisition apparatus 12 includes a camera 46

provided with an array of pixels, which is advantageously in the form of a

color CCD camera, configured to be sensitive to the wavelengths of the

16  projected grids. Each of these cameras provide, for example, a resolution
of 1300x1024 pixels.

The image acquisition apparatus 12 may include a
telecentric lens 48, advantageously mounted to the camera 46 via an

20 optional extension tube 50.

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

25 desired field of view can be achieved without the extension tube 50 by

adequately distancing the camera 46 from the object 30.




14 Qoviously, the pitch of the projected grids will vary wth the int ch of
the grid 24. It is to be noted that the system 10 does not reﬁy;lé]p riQtD%%
bet ween the canera 46 and the object 30. This advantage will be discéésed

her ei nbel ow. Alternatively, the grid projection assenbly 11 may be configured
to project any other pattern by substituting the grid 24 for a 10

sem -transparent plate including a characterized design. The i nage acquisition
apparatus 12 includes a canmera 46 prvided with an array of pixels, which is
advant ageously in the formof a colé% CCD canera, configured to be sensitive
to the wavel engths of the 15 projected grids. Each of these caneras provide,
for exanple, a resolution of 1300x1024 pixels. The inage acquisition
apparatus 12 may include a telecentric |l ens 48, advantageously nmounted to the

canera 46 via an 20 optignal ext ens{.on t ube SQI a‘(ﬁhmon}‘ ilﬂér at i §n of the
i mage acqui sition appar af\ﬂém.aée aﬁ%f"s' '%aﬁﬁasr?tgﬁcg 8_ R nSBB Yat us 12 and
the object 30 egaieed PiursiBy bhithadesf Bhasde-Yhiftdd pfojédted gfiag enfreichjddton appar at us
12. Alternatively, a 25 desired field of view can be achi eved wi thout the
ext ensi on tube380 by adequately distancing the canera 46 fromthe object 30.
c -Tu@Q JRc 2j
5 It is to be noted that the system 10 includes an 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
object 30. Alternatively, other registration means can be used without
departing from the nature and spirit of the present invention.
10
Turning now fo Figure 5, a second embodiment of 3D
grabber 17 will now be described. Since the only differences between the
second and first embodiments are in the image acquisition assembly, and
for concision purposes, only those differences will be described herein in

15  further detail.

The image acquisition apparatus 12’ includes three cameras

46, each in the form of a CCD camera.

20 The use of semi-transparent mirrors and filters 52-56 allow
redirection of light coming from the object 30 at an angle 0 to one of the
three CCD cameras 46. The filters allow discrimination of the wavelengths

corresponding to the three projected grids.

25 More particularly, a first semi-transparent mirror 52 is
configured to reflect the first wavelength intended onto a first camera 46

and to allow the remainder of the light to pass through it, including the



15 An inmege acquisition apparatus 12 allows to simultaneously
plurality of inmages of phase-shifted projected grids onto thg;p;qgﬁnﬁ ékoglﬂt
is to be noted that the system 10 i ncludes an adjustable support neafis (not
shown) to position the inmage acquisition apparatus 12 and the grid projecting
assenbly 11 relative to each other and to the object 30. Alternatively, other
regi strati on neans can be used without departing fromthe nature and spirit
of the present invention. 10 Turningqgow to Figure 5 a second enbodi nent of
3D grabber 17 will now be described. Since the only differences between the
second and first enbodinents are in the imge acquirsition assenbly, and for
conci si on purposes, only those differences will be described herein in 15
further detail. The inage acquisition apparatus 12' includes three caneras

46, each in thgeédsHdamd tilrd bl dEnghs.. Tr%ose’e'énah\%\ié%gﬂ{ isSRfibctelampar ent
mrrors and filters 52-56 allow Tedirection of light coming fromthe object

30 at an angl eacsecondranagrat4feby tthe secatDsemirtanspatsnt mireoria4 thatdsal | ow
di'sori m nat  on gt 1 he, WSl &L Mg GSLLERRRHILEN'E THE RS Rfrdy 4 ected ori ds.

then reflects the light having the third wavelength onto a third camera 46.

Each of the three CCD cameras 46 advantageously includes

a filter that allows obtention of the above-described result.

It is to be noted that, in both image acquisition apparatus 12
10 and 12, the CCD cameras can alternatively be replaced by CMOS
(Complementary Metal-Oxide-Silicon) devices.

Although, the image acquisition apparatu'ses 12 and 12’

have been described so configured as to discriminate monochromatic

15  light, it is believed to be within the reach of a person skilled in the art to

modify these apparatuses to discriminate lights having predetermined
bandwidth.

Turning now to Figure 6, a third embodiment of a system 19 '
20 for obtaining phase-shifted images will now be described. Since the only
differences between the third and second embodiments are in the
projecting assembly, and for concision purposes, only those differences

will be described herein in further detail.

25 The projecting assembly 11’ includes three grid projecting
apparatus, each comprising a source with a grid 24 and a projector 28

similar to the grouping of Figures 3 or 5, with the difference that the light




More particularly, a first sem-transparent mrror 52 is %ﬂ O;r
reflect the first wavel ength intended onto a first canmera 46 T%)QN he
t

remai nder of the light to pass through it, including the ,~)'a iQ aoégl
second and third wavel engt hs. The second mavelength is reflected onto a
second canera 46 by the second sem -transparent. mrror 54 that is chosen so
as to let the third wavelength through it. The third mrror 56 then reflects
the light having the third wavel engtfiyonto a third camera 46. 5 Each of the
three CCD caneras 46 advantageously includes a filter that allows obtention
of the above-described result. It is to be noted that, in both inmage
acquisition apparatus 12 10 and 12', the CCD caneras can alternatively be
repl aced by CMOS (Conpl ementary Metal - Oxi de-Silicon) devices. Although, the

i mage acqui si tdopiceBRBIRP UHRE342 a?é‘ﬁotlé’ourcéﬁbﬁm}hﬂéﬂlgﬁﬁﬁﬁfélhﬁcb ﬁg?htconf i gured as
to discrimnate nonochromatic 15 light, it is believed hin the reach

of a person smaanébawngtamredetermmedmaiegngthdﬁ@r%mpfmpngegotherd| scrimnate

| i ghts having predeterm ned bandw dth. Turning nowto Figure 6, a third
enbodi ment of a system 19 20 for obtaining phase-shifted i mages will now be
described. Since the onlBachi éffthe prodeli disamenof ight tahe diteoted slewpad enbodi ment s
are int he5 direction of incidence (dashed lines 42’, 42" or 42™") and are redirected
along the incidence path 42 using a reflecting arrangement that includes
mirrors 568 and 62 and semi-transparent mirrors 60 and 64. Since such an
arrangement of mirrors is believed to be within the reach of a person
skilled in the art, it will not be described herein in further detail.

10 '

To preserve a constant pitch p for each of the projected
grids, the longitudinal distance from the object of each pattem projecting
apparatus may vary. Alternatively, when such constant pitch p is not
preserved, the difference in path of the incidence rays must be taken into

15  account when using the resulting images for computing the relief of an

object.

Obviously,. the projecting assembly 11’ and the image
acquisition assembly 12 may be combined in a fourth embodiment of a 3D
20 grabber 21 according to the present invention (see Figure 7). Again, as
in the case of the first three embodiments described hereinabove, the
system 21 allows the simultaneous projection of tﬁree phase-shifted
patterns onto an object and to then simultaneously take images of these
projected patterns.
25
Although the systems 15, 17, 19 and 21 have been

described as being configured to simultaneously project three patterns, a



proj ecting assenbly, and for concision purposes, only those dlff es
be described herein in further detail. 25 The projecting as é%ﬁ%he
three grid projecting apparatus, each conprising a source with a griid 24 and
a projector 28 simlar to the grouping of Figures 3 or 5, with the difference
that the light fiSwaoo it 17 source 34', 34" and 34"' are not sources of white
light but emt a light beam having a predeterm ned wavel ength different from
one anot her. Each of the produced beggs of |ight are directed along a 5
direction of incidence (dashed lines 42', 42" or 42"') and are redirected

al ong the incidence path 42 using a reflecting arrangenent that includes
mrrors 58 and 62 and sem -transparent mrrors 60 and 64. Since such an
arrangenent of mrrors is believed to be within the reach of a person skilled

in the art, it 3pidrhblbertackerdiigds thd@sbrtivightion chhbe kenfigleédahd uédd To preserve
a constant pitch p for each of the projected grids, the |ongitudinal distance

fromthe objecfo 8W%@5ﬁ°%i¥?@i¢9t|§ﬂbﬁ%@ih%@ Pﬁ’ff)?fé‘ﬁé‘ﬂ‘?f@ thay Wery. Al ternatively,
when such constant pitch p is not preserved, the difference in path of the
i nci dence rays nust be taken into 15 account when using the resulting inmges
for conputing the reli efltdd toaime notedethtat ey thmughthree pattgm qirejeting assenbl y

11' and the_ i mge
5 agparatus are illustrated in Figures 6 and 7, it is believed to be within the
reach of a person skilled in the art to modify the 3D grabber of the present
invention to allow the simultaneous projection of any number of patterns

more then fwo.

10 Turning now to Figure 8 of the appended drawings, a
method for measuring the relief of an object, according to an embodiment

of the present invention, will be described in further detail.

Generally stated, the method consists in measuring the
15  reliefof an object 30 by performing the following steps:
100 - simultaneously projecting at least three phase-
shifted grids onto the reference object; |
102 - simultaneously taking an image of each of the
phase-shifted grids on the reference object to gather an intensity value for
20 each pixel of the images;
104-  computing the phase for each pixel of the
reference images using the intensity values;
106 - repeating steps 100 to 104 by replacing the
reference object with the object 30 to be measured;
25 : 108 - computing, for each pixel, the difference of height
between the object 30 and the reference object by using the respecting

phases thereof for every pixel; and




acqui sition assenbly 12 may be conbined in a fourth enbodi rregi&ngégqﬁ
: |

grabber 21 according to the present invention (see Figure 7)

the case of the first three enbodi nents descri bed herei nabove, the stem 21
al l ows the sinultaneous projection of three phase-shifted patterns onto an
object and to then sinultaneously take inmages of these projected patterns. 25
Al t hough the systens 15, 17, 19 and 21 have been described as being
configured to simultaneously project {ree patterns, a 18 3D grabber according
to the present invention can be configured and used to simultaneously project
any nunber of patterns nore than two. It is to be noted that even though three
pattern projecting 5 apparatus are illustrated in Figures 6 and 7, it is
believed to be within the reach of a person skilled in the art to nodify the
3D grabber of the presentyqgl ' isrit PR j ection of
any nunber of patterns r%?eﬂié%ghln;m\%%ﬁ@{%fé{_gy#?%j%wtég%@i gurgﬁgﬁof t he
appended dr aw thg differennet sfdwighdat eearypixabg the relief of an object, according
to an enbodi nent of the present invention, will be described in further
detail. Cenerally stated, the nethod consists in measuring the 15 relief of
an object 30 by perform Taesdehetdl e wilk AB%: bd Glrthers tesdribeachith! ¥

projecting at |east three phase- o
5 reference to a first example where the object to be measured is a lead

sphere mounted to a board. However, it is to be noted that a method for
measuring the relief of an object according to an embodiment of the
present invention allows measurement of the relief of other three-

dimensional objects. |

10
By choosing a plain board as the reference object, the
difference of height between the object and the reference object will
provide the height of the sphere. The common element to the objebt 62
and the reference object ié, in this example, the board.
15

In step 100, the system 10 is used to simultaneously project
three phase-shifted grids onto the plain board. As it has been discussed
hereinabove, the system 10 includes a means to register and fix the
position of the grid(s) 24 and the camera(s) 46 relative to the reference

20 object (and later the object).

The system 10 is also used to simultaneously take one
image of the three phase-shifted grids on the reference object (step 102).

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

processing.




shifted grids onto the reference object; 102 - sinultaneously I ng_an i mage
of each of the phase-shifted grids on the reference objeéLsiékgﬁ hd&(ﬂh*f
intensity value for 20 each pixel of the inmges; 104 - conputinggkhe phase
for each pixel of the reference inmages using the intensity val ues; 106-
repeating steps 100 to 104 by replacing the reference object with the object
30 to be neasured; 25 108 - conputing, for each pixel, the difference of

hei ght between the object 30 and thqufeference obj ect by using the respecting

phases thereof for every pixel; and c; '; -Ti -4r) C-T 19 110 - determ ning
the relief of the object for each pixel using the difference of height at
every pixel. These general steps will now be further described with 5

reference to a first exanple where the object to be neasured is a | ead sphere
nmounted to a board. However, it is to be noted that a nethod for neasuring
the relief of an object according to an enbodi nent of the present invention
al Il ows neasurenent of th#ist behoted thattbe noihineen ndmbensf phade-shiftedts. 10 By
choosing a pl a'i.%a&é)é" [)gta?nse de threegyesieenr)] 90 i la]"_gg't éinéeh Equation 1 comprises
three unknowns, that is A, B and A9, and therefore three intensity values

5 I, I, and /, for each pixel are required to compute the phase variation A&.

The system 10, and more specifically the 3D grabber 15 (or
17 or 19 or 21), allows obtention of images of a projected phase-shifted
grid onto an object similar to images that could have been successively
10  obtained by translating the grid 24 between each take.

This results in three equations similar o Equation 1 for each

pixel of the pixel array of the camera 46:

15 l,=A+B-cos@@+Ap ) (2)
where n=1,3.

By solving the system of Equation 2, one obtains the value
of A®. The wavelengths of the three projected grids are chosen so as to

20 advantageously provide different values of Ap;, Ag,and Ags.

In step 104, the phase is computed using the three intensity
values for each pixel by solving the Equations 2. This can be achieved by
using a conventional numerical method, for example. Numerical methods

25  for solving such system of equation are believed to be well known in the
art and will not be described herein.




di fference of height between the object and the reference object rOV|de

the height of the sphere. The conmmobn el enent to the object
reference object is, in this exanple, the board. 15 In step 100 ystem 10
Is used to sinultaneously project three phase-shifted grids onto th pl ain

board. As it has been di scussed hereinabove, the system 10 i ncludes a neans
to register and fix the position of the grid(s) 24 and the canera(s) 46
relative to the reference 20 object o4and later the object). The system 10 is
al so used to sinmultaneously take one 'imge of the three phase-shifted grids
on the reference object (step 102). 25 Each inage includes an intensity val ue
for each pixel of the imge. The conputer 14 stores these intensity val ues
for future processing. 20 It is to be noted that the m ni nrum nunber of
phase-shifted inages obtained by the system 10 is three, since Equation 1
conprises three unknowns, that is AL B and M and therefore three intensity
values 5 !" /2 and /3 fobincathe metmd drFegure@ueqwceStai leastitee imagephase

vari ation 40. 1 aII e 3 rabbe 15 (or 17
or 16 or 21y I Pl P retsh ¥ e Heigl PRV g P ek BRS8Fs Lo v
onto an obj ect gfidwR fodeléd thé@ﬁ@ébéét%ldé@%r%dﬁ%tﬂm@&ﬁé‘pﬁé@&%&hg%é' 10
obt ai ned by translati ng the grid 24 between each take.
5 four available values for every pixels. Indeed, most methods for
computing the relief of an object requires four values and do not provide
the opportunity to select the best value when four images are available

and one of these is saturated or noisy.

10 ~ When the method of Figure 8 is used to inspect a series of
objects, steps 100 to 104 may be advantageously performed only once for
the reference object before the inspection. This allows the speed of the

inspection to be increased. )

15 Images of the reference object that .would have been

obtained prior to any measurement of the object may also be provided.

Steps 100 to 104 are repeated by replacing the reference
object with the object to be measured (step 106).

20
Since there is no difference in performing steps 100 to 104
with the object and with the reference object, and for concision purposes,
these steps will not be described again by referring to the object.
25. Other methods of computing the phase of the object and/or

of the reference object may alternatively be used without departing from

the spirit of the present invention. These alternative methods are believed



This results in three equations simlar to Equation | for eacE Etx;@ of é&e
pi xel array of the canera 46: 16 !" =A+B-cos(, (D+4rp,) (2) { 53 Jf
solving the system of Equation 2, one obtains the value of frP. The gf

wavel engt hs of the three projected grids are chosen so as to 20

advant ageously provide different values of dcpj, ac02 and Fp3. In step 104,
the phase is conputed using the three intensity values for each pixel by
solving the Equations 2. This can be #ghieved by using a conventional
nunerical method, for exanple. Nunerical methods 25 for solving such system of
equation are believed to be well known in the art and will not be described
herein. ~a -V4 aoolJf 21 Since the nethod of Figure 8 requires at |east three

i mages to neasure the relief of an object, providing nore than three imges
all ows to sel eco Bd@elllkhe@nlie she ¥l dngswill @ierefid bt b dekerilpdtPR6reaiiNg the 5
four available values for every pixels. |Indeed, nost nethods for conputing
the relief of dHtbe|detaily equires four val ues and do not provide the -
opportunity to select the best value when four imges are available and one
of these is saturated or noisy. 10 When the nmethod of Figure 8 is used to

i nspect a series of objdntstep $08&tse diferéneceldiheight bbtwesh/thetclject 80 v per f or med

only once faor
Y 5 and the reference object is computed for every pixel, as obtained in step

104, by subtracting the phase of the reference object from the phase of

the inspected object.

It is to be noted that the phases computed in step 104 for
10 the object and for the reference object correspond fo surface phases

relative to an imaginary projection plan.

When a non-parallel projection of the grid(s) 24 is done, this

imaginary projection plan becomes slightly curved. This is not detrimental

16 to 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.

Since the phases of the object and of the reference object

'20  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 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

25 performed under different illumination.

In the optional step 110, the relief of the object, i.e. its




the reference object before the inspection. This allows the s eegaef t2§
I nspection to be increased. 15 Images of the reference obje Cﬂk&é
been obtained prior to any nmeasurenent of the object may al so be prgyi ded.
Steps 100 to 104 are repeated by replacing the reference object with the
object to be neasured (step 106). 20 Since there is no difference in
performng steps 100 to 104 wth the object and with the reference object,
and for concision purposes, these stgps will not be described again by
referring to the object. 25. Qther nmethods of computing the phase of the

obj ect and/or of the reference object may alternatively be used without
departing from the spirit of the present invention. These alternative nethods
are believed aDb 22 to be well-known in the art and will therefore not be

descr | bed her Sheight jo betehfibea 6t cich ptel 8rRnd Afordre kit srarg” el oht

between the obje ere erence object Is conpuUte every pixel,
as obtai ned i npixebjbehdeen tblyeswbjﬂctmrdl’tﬁ\g teffierepbe objert, an@ kneiningribe obj ect from
t he phase of the ins ec tttéjreCt ctl s to be noted that the phases conputed
in step 104 fofimaRso & Fé‘?: el qbé? the reference object correspond to

surface phases
5 As will now appear obvious to a person of ordinary skills 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). [n this case, step 110 is obviously hot performed.

10 In some applications, it may be advantageous to use a
plane surface on which the object to measure will be laid on during

measurement as the reference object.

In some applications, it may be advantageous to provide the

15  system 10 with a registration system to help position the object and the
reference object to a known position relative to the camera(s). Indeed,
since a comparison between the object and the reference object is
performed for each pixel, a registration system may ensure that

corresponding points are compared.

20
Such registration system may take many forms including
indicia on plane surface, a stand or a software program implemented in
the computer.
25 It is to be noted that the images may be acquired first and

may be processed at a future date without departing from the spirit of the

present invention.



relative to an imaginary projection plan. Wien a non-parallel pr tlt¢§ J‘l’
the grid(s) 24 is done, this imaginary projection plan bec:&rﬁs
curved. This is not detrinental 15 to the method for mneasuring the ellef of
an object, according to the present invention, since both the imges of the
object and of the reference object are taken with the sane system 10. Since
t he phases of the object and of the reference object 20 at each pixel
correspond to the difference of hei 9@4 bet ween the object (or the reference
object) and the same inmagi nary projection plane (since the sanme systemwth
the sane optical set-up is used), their subtraction yields the difference of
hei ght between the object and the reference object. This allows the imge
acqui sition of the object and of the reference object to be 25 perforned
under different illumnation. In the optional step 110, the relief of the
object, i.e. its JU, ':Skob-t 23 5 10 height, is determ ned for each pixel,
using the difference of Asivwjhbeappaventyon siadilg thetpresent drscribfienita and t he

of the.reference,object. As wll

ref erence obje d_kno t he nsi, Q
now appear ojbvmﬁﬁgocf ﬁ‘iﬂnggﬂ '5‘38 2%‘? |p§e§erx'1t "?‘ﬁaé‘t‘gpt all%yv t hod
according to amea%nféih@mr&f thd rénbﬁopéreésja&t uSWEWhit® Night. ‘

5
Although the present invention has been described in an
example in which spherical objects are measured, it allows for the
inspection and measurement of objects having other conﬂgurations.
10 The same object may aiso act as the reference object when

the system 10 is used to study the variation in time of an object’s relief.

Alternatively, the reference object may be replaced by a
computer model of the object, generated, for example, by a Computer
16 Assisted Design (CAD) that would have been virtually positioned

according to the set-up of the system 10.

Although the present invention has been described

hereinabove by way of preferred embodiments thereof, it can be modified

20  without departing from the spirit and nature of the subjebt invention, as
defined in the appended claims.




can be used to nmeasure the difference of height between two objecks (one
being the reference), In this case, step 110 is obviously tﬁi@

sonme applications, it may be advantageous to use a plane urface an mhlc
object to neasure will be laid on during mneasurenent as the reference obje
In sone applications, it may be advantageous to provide the
a registration systemto help position the object and the reference object to

a known position relative to the campga(s). |ndeed,

since a

the
ct.

15 system 10 with

conpari son

bet ween the object and the reference object is perfornmed for each pixel, a
regi stration systemnmy ensure that corresponding points are conpared. 20

Such registration system nmay take many forns incl uding
surface, a stand or a software programinplenmented in

I ndi cia on pl ane

the conputer. 25 It
to be noted t hwHATES OMIRED'®: be acquired first and nmay be processed at a

future date without déeparting fromthe spirit of tthe present invention.
aoo-'l 24 As will be apparent on reading the present description, a nethod,

according to an enbodi m,?ntAﬁ,e‘%\El s ?cﬁﬂiméﬁ%’ﬁ%tbbgpcorﬁb l&}qﬁ measur enent of

the relief of an object "usi

a pattern projecting assembly for simultaneously projecting

5 atleast two phase-shifted patterns onto an object; each of said projected

patterns being characterized by a predetermined bandwidth; and

an image acquisition apparatus sensitive to said

predetermined bandwidths for simultaneously taking an image of each of

said projected patterns on the object.

10
2. A three-dimensional image grabber as recited in claim 1,
wherein at least one of said predetermined bandwidth includes a single
wavelength.
15 3. A three-dimensional image grabber as recited in claim 1,

wherein said pattern projection assembly includes a semi-transparent

plate including a pattern to be illuminated by an illuminating assembly, a

spectral splitter to be posiﬁoned. between said plate and said illuminating

assembly and a projector for projecting said illuminated plate onto said

20 object; said illuminating assembly including a source of white light so

.positioned as to be projected through said plate.

4, A three-dimensional image grabber as recited in claim 3,

wherein said illuminating assembly further includes an optical fiber and a

25 condenser for bringing light from said white source to said plate.

is



5 Although the present invention has been described in an I n '
spherical objects are neasured, it allows for the inspectbﬁﬁa a%:@gﬁgnt

of objects having other configurations. 10 The sane object may al sgjact as the
reference object when the system 10 is used to study the variation in tine of
an object's relief. Alternatively, the reference object nmay be replaced by a
conput er nodel of the object, generated, for exanple, by a Conputer 15

Assi sted Design (CAD) that would havegbeen virtually positioned according to
the set-up of the system 10. Al though the present invention has been descri bed
her ei nabove by way of preferred enbodi nents thereof, it can be nodified 20

W t hout departing fromthe spirit and nature of the subject invention, as
defined in the appended clainms. 0300 25 WHAT IS CLAIMED IS: 1. A

t hr ee- di mensi onal i mage 59r Altfiree-dirasnsiosal hgaga gbbee bS repitedes tlailg 3assenbl y for
simul taneously projecting 5 at |east twy phase-shifted patterns onto an
obj ect: each oWhestiR sgidseipkiEanspamNt OfatQ 182 0AY- characteri zed by a
pr edet er mi ned bandwi dth; and an inmage acqui sition apparatus sensitive to said
predet erm ned bandw dt hs for simnultaneously taking an i mage of each of

6. A three-dimensional image grabber as recited in claim 1,

5 wherein said pattern projection assembly includes at least two pattern
projecting apparatuses and a reflecting arrangemént; each of said pattern
projecting apparatus being configured to project a light having a
predetermined bandwidth through a pattern; said reflecting arrangement
being so configured as to direct said projected patterns along a common

10 direction of incidence.

7. A three-dimensional image grabber as recited in claim 6,

wherein at least one of said pattern projecting apparatuses includes a
semi-transparent plate including a pattern to be illuminated by an

15  illuminating assembly and a projector for projecting said illuminated plate
onto said reflecting arrangement; said illuminating assembly including a
source of light having a predetermined bandwidth and being sovpositioned

as to be projected through said plate.

20 8. A three-dimensional image grabber as recited in claim 6,
wherein said projecting arrangement includes at least one of said a mirror

and a semi-transparent mirror.

9. A three-dimensional image grabber as recited in claim 6,

25 wherein said plate is a grid.



said projected patterns on the object. 10 2. A three-di mensi onal mage. ar ?Eer
as recited in claiml1l, wherein at |east one of said predegi&gh ﬁ%&%ﬁ
includes a single wavelength. 15 3. A three-dinensional image grabfer as
recited in claiml1, wherein said pattern projection assenbly includes a

sem -transparent plate including a pattern to be illum nated by an

i 1lumnating assenbly, a spectral splitter to be positioned between said
plate and said illum nating assenbly7mnd a projector for projecting said
illumnated plate onto said 20 object; said illum nating assenbly including a
source of white light so .positioned as to be projected through said plate.
4. A three-dinensional imge grabber as recited in claim3, wherein said
illum nating assenbly further includes an optical fiber and a 25 condenser
for bringing Iight fromniAlthrés-tiensrsiohakiniagespalbarladtrecited ineldimg' 26 5. A

t hr ee- dlnen5|onal | mage 8rabber as . recited in claim3,,. wherein said

- sem -transpar eM eﬁ?'&ts@'q ag@rgrgr@ec@g %PR%?%eﬂPF?e?%PBﬂfé?”qdrfﬁéfé'Vﬁrtﬁbber as
recited in cl alBufother 40 8ath %%ﬁhé’ﬂ%éé’érﬂ%%é%éﬁﬁ hOM &3¢ fa8laeti,ac! udes at

| east two pattern projecting apparatuses and a reflecting arrangenent; each of
said pattern piaipécthegbjepipar at us being configured to project a |light having
a

5
11. A three-dimensional image grabber as recited in claim 1,
wherein said image acquisition apparatus includes at least one camera
sensitive to said predetermined bandwidth.
10 12. A three-dimensional image grabber as recited in claim

11, wherein said image acquisition apparatus includes a telecentric lens.

13. A three-dimensional image grabber as recited in claim 1,
wherein said image acquisition apparatus includes at least two cameras,

15 each sensitive to one of said predetermined bandwidth.

14. A three-dimensional image grabber as recited in claim
11, wherein said camera is selected from the group consisting of a Charge
Coupled Device (CCD) camera and a Complementary Metal-Oxide-Silicon

20 (CMOS) device.

15. A system for measuring the relief of an object, said
system comprising:
a pattern projecting aséembly for simultaneously projecting
25 at least three phase-shifted patterns onto the object; each of said

projected patterns being characterized by a predetermined bandwidth;




predet erm ned bandwi dth through a pattern; said reflectingjarr nt&ole)ej_'pg
so configured as to direct said projected patterns al ong

direction of incidence. 7. A three-dinmensional imge grabber as redqijted in
claim6, wherein at |east one of said pattern projecting apparatuses includes

a sem-transparent plate including a pattern to be illum nated by an 15
i1lumnating assenbly and a projector for projecting said illumnated plate
onto said reflecting arrangenent; sai,d illum nating assenbly including a

source of |ight having a predeterm ned bandwi dth and being so positioned as

to be projected through said plate. 20 8. A three-di nensional inage grabber as
recited in claim6, wherein said projecting arrangenent includes at |east one
of said a mrror and a sem'-transparent mrror. 9. A three-dimensional imge

2775710 0. A thr ee- di minsi BASF | oBSHE [ opPalt, Shbneles %) Seide, Cuheroin
said pattern pp[gd@t&ﬂﬂigﬁdabpﬁdwdthseﬁar d’amngsenpmage iof eadh rofIsaid akleast each ot her
as to each pr o\Hree phase—shlﬁE d gro?éc e pa err%n oﬁ%e 0{31 %géh oF said images
including a plurality of pixels having intensity values; and
5 a controfler configured for:
a) receiving from the image acquisition apparatus said at
least three images of the projected patterns onto the object;
b) computing the object phase for each pixel using the at
least three object intensity values for the corresponding pixef; and
10 ¢) computing the relief of the object at each pixel position

using said object phase at the corresponding pixel position.

! 16. A system as recited in claim 15, wherein said pattern

projecting assembly includes a grid illuminated by an illuminating

15 assembly, a spectral splitter to be positioned between said grid and said
illuminating assembly and a projector for projecting said illuminated grid

onto said object; said illuminating assembly including a source of white

light so positioned as to be projected through said grid.

20 17.A system as recited in claim 15, wherein said pattemn
projection assembly includes at least two pattern projecting apparatuses
and a reflecting arrangement; each of said pattern projecting apparatus
being configured to project a light having a predetermined bandwidth
through a pattern; said reflecting arrangement being so configured as to

25 direct said projected patterns along a common direction of incidence.



plate to the object. 11. A three-dinensional image grabber as rjc ed } él)%i m
1, wherein said inage acquisition apparatus includes at I;Q@\t

" sensitive to said predeterm ned bandwi dth. 12. A three-dinmensional
grabber as recited in claim 11, wherein said inage acquisition apparatus
includes a telecentric lens. 13. A three-dinensional imge grabber as recited
inclaiml, wherein said inmge acquisition apparatus includes at |east two
caneras, 15 each sensitive to one of sagd predeterm ned bandwi dth. 14. A

t hree-di nensi onal i mage grabber as recited in claim 11, wherein said canera
is selected fromthe group consisting of a Charge Coupled Device (C CD)
canera and a Conpl enentary Metal -Oxide-Silicon 20 (CMOS) device. 15. A system
for neasuring the relief of an object, said systemconprising: a pattern

proj ecting assenbly for simB.Aassteralgs moipddhicdeim 25 wheteimsaid image

phase-shifted patterns.onto the object; each of said roj ecred patterns being
characteri zed by 2CqHSIHR APRAFEHS B'lz‘;\‘ﬁﬁ‘éﬁsd?ﬁfeaﬁg 05'3163"8%'% @%b‘éﬁ: isé‘i"fi on

appar at us sensi ti N@dbferAfhdl baSRMAgERr M ned bandwi dths for taking an image of
each of said at |east .

5 19.A system as recited in claim 15, wherein said computer

includes memory means for storing said images during their process.

20. A system as recited in claim 15, wherein said computer

includes at least one of a storing device, an input device and an output

10  device.
21.The use of the system of claim 15, for lead-coplanarity
inspection.
15 22. A method for measuring the relief of an object
comprising:

d) simultaneously projecting at least three phase-shifted
patterns onto the object;

e) taking an image of each of sa‘id at least three phase

20 shifted pattems on the object to gather an intensity value at pixel positions
on said image;

c) computing the object phase for each of said pixel
positions using the at least three object intensity values for the
corresponding -pixel; and

25 d) computing the relief of the object at each pixel position

using said object phase at the corresponding pixel position.



t hree phase-shifted projected patterns on the object; each of i iqggﬁ§;f
including a plurality of pixels having intensity val ues; dﬁdaa ol Ter
configured for: a) receiving fromthe i mage acqui sition apparatus id at

| east three inages of the projected patterns onto the object; b) conputing the
obj ect phase for each pixel using the at |east three object intensity val ues
for the corresponding pixel; and c) conputing the relief of the object at each
pi xel position using said object phasggat the corresponding pixel position. 1
16. A systemas recited in claim15, wherein said pattern projecting assenbly

includes a grid illumnated by an illum nating 15 assenbly, a spectral
splitter to be positioned between said grid and said illum nating assenbly
and a projector for projecting said illumnated grid onto said object; said

illum nating assenbly incl28JAngethodas eeited inbiaine 22| ipkteia saftbat ldaghed as to
be projected through, sai d%%ri d. ZQN%’Z" A%éﬁtem as recited in claim15, wherein
said pattern pri¥eRimageSAEdAreYSIMMHRNERAEMt | east two pattern projecting
apparatuses and a reflecting arrangenent; each of saird pattern projecting

apparatus being configured to project a |light having a predeterm ned
bandwi dt h through a patt 24nA theelimehsional imggegrabhpsomprisiigig so confi gured

08 08 B ayet B s ool T HEARR S50 BhRBR B ko . e e
shifted patterns onto the object; each of said projected patterns being
characterized by a predetermined bandwidth; and

a means for simulfaneously taking an image of each. of said
projected patterns on the object; said image taking means being sensitive
10 tosaid predetermined bandwidths.



acqui sition apparatus includes at |east one canmera sensiti ve Oo,z.r
predeterm hed bandwi dths. 5 19. A systemas recited in clai m anc%al d
conputer includes nmenory means for storing said imges durlng t hei r {grocess.
20. A systemas recited in claim15, \é\/ner ein said conputer includes at |east
one of a storing device, an input de\/ ce and an output 10 device. 21.The use
of the systemof claim15, for |ead-coplanarity inspection. 15 22. A nethod
for neasuring the relief of an object conprising: d) simultaneously

projecting at |east three phase-shifjted te t } ; e) taking

an i mage of each of said at Ieay_t'ﬁrqa ng&e %ag;é ?Mbgfgigtﬁﬁhs on the

object to gather an intensity val ue|at pi xel p03|t| ons on said imge; ¢)

conmputing t I r each i sai i ositions using the at

| east thr eehgg?gcqbrogéwgip valyes |[for th ﬁg Kf&@%é&@dl ng pi xel; and 25 d)

conmputing the reI ie g (‘)\alt teachl pi xel position using said object
PRS

|§|on 30 23. A nethod as recited in claim
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three i mages are taken simultaneously. 24. A three-dinensi§$ﬁ$ag EEDDéf
conprising: 5 a neans for simultaneously projecting at |ea e-

shifted patterns onto the object; each of said projected patterns beyng
characterized by a predeterm ned ban% i dt h; and a neans for simultaneously
taking an i mage of each. of said pr Fgcted patterns on the object; said inmage
taki ng nmeans being sensitive 10 to said predeternkged bandwi dths. 1/5 H A :
Phase Modul ation Grid Projection xeterence iurtace®N~_ X p: Gid Pitch
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30 x/ _7 ~j' gOoft 5/5 100 SI MULTANEQUSLY PRQIECTI NG AT LEAST TH
PHASE- SHI FTED GRI DS ONTO A REFERENCE OBJECT 102 S I\/ULTANEOJ;‘.Q %DQ%A@QBK&
OF EACH OF THE PHASE-SH FTED CGRI DS ON THE REFERENCE OBJECT TO GATH

I NTENSI TY VALUE FOR EACH PI XEL OF THE | MAGES 104 COWPUTI NG THE PHASE FOR EACH
PI XEL OF THE REFERENCE | MAGES USI NG THE | NTENSI TY VALUES 106 REPEATI NG STEPS
100 TO 104 BY REPLACI NG THE REFERENCE OBJECT WTH THE OBJECT 30 TO BE
MEASURED V COVPUTI NG, FOR EACH Pl XEL4/STHE DI FFERENCE OF HEI GHT BETWEEN THE
OBJECT 30 AND THE REFERENCE OBJECT BY USI NG THE RESPECTI NG PHASES THEREOF FOR
EVERY PI XEL




110 DETERM NI NG THE RELI EF OF THE OBJECT FOR EACH PI XEL USI NGfHE DI FCl)QENCE
OF HElI GHT AT EVERY PI XEL -f-=EENTB %2{ azr\kﬁa §5

5/5

100
)

ﬁSIMULTANEOUSLY PROJECTING AT LEAST THREE
PHASE—~SHIFTED GRIDS ONTO A REFERENCE OBJECT

ZN l

SIMULTANEOUSLY TAKING AN IMAGE OF EACH OF THE
PHASE-SHIFTED GRIDS ON THE REFERENCE OBJECT
TO GATHER AN INTENSITY VALUE FOR EACH PIXEL

OF THE IMAGES

]04\ l
K COMPUTING THE PHASE FOR EACH PIXEL OF
THE REFERENCE IMAGES USING THE INTENSITY VALUES

109 T

rREPEATING STEPS 100 TO 104 BY REPLACING THE
REFERENCE OBJECT WITH THE OBJECT 30 TO BE MEASURED

108 l

COMPUTING, FOR EACH PIXEL, THE DIFFERENCE OF HEIGHT
BETWEEN THE OBJECT 30 AND THE REFERENCE OBJECT
BY USING THE RESPECTING PHASES THEREOF
FOR EVERY PIXEL

]10\ l

DE‘TERMINING THE RELIEF OF THE OBJECT FOR EACH
PIXEL USING THE DIFFERENCE OF HEIGHT AT EVERY PIXEL
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