.V, =), -Ti 0~ 0" 1 TITLE OF THE | NVENTI ON SYSTEM FOR SI. NUL'&I%C@S
PRQJECTI ONS OF MULTI PLE PHASE- SHI FTED PATTERNS FOR THE THRE

| 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 interferometrlc pattern are
usually called "classic i PBUTE t hods, the
wavel ength of the | aser se}nsgfélﬂe conf i guﬂﬁﬂ\lg% 0 lea?jJn“Jctai-:Ltbe,‘-ﬁr| ng agsrgrrbl y
generally , ~ QMULZMLE 2 RHASE-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 present 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



10 determ ne the period of the resulting interferogram C assic | 0
nmet hods are generally used in the visible spectrumto neasure hec%ftaj{'&r E(Bé)‘f

variations in the order of mcron. However, there has been difficulty iZ'using
such a nmethod to neasure height variations on a surface show ng variations in
the order of 0.5-1 mm when they are inplenented in the visible spectrum

I ndeed, the density of the black and white fringes of the resulting
interferogram increases, causing thesanalyzis 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 nspecti on nethods based on Mire interferometry allow for a nore accurate
measurenent of the object in the visible spectrumas conpared to the accuracy
of classic intejdiehnin@ttd seriodrif tsiesufiRg itefBbhafs CRSsibafteterBmetlye anal yzis
of the frequency beats obtained between 1) a grid positioned over the object
to be 20 neasurigetheds dre gespeliywised initbe yisitde spectsimdevingsure hRigMini ques”) or

2) the projectign - Ok L ject, with another grid positioned
bet ween t he obj‘%@?%%ﬁﬁ%h%@%@?@cw& is used to photograph the resulting
interferogram ("Projected Mire Techniques"). In both cases, the frequency

beats between the two grids produce the fri n,g_es of the resulti nﬁ% 25

interferogr@m 3 Mre spélawavesithgre hasbesndifigulinin dsing Ul gwaetnagl udes t he

steps of positizQni i . j ] i ng

illum nation fr’tgﬁé‘a&?J ?er g%l'gfai%\é’%q-%‘u? b%ﬁﬂn? %gﬁ%fsg%@o@fﬁg?ﬁ@ﬁ%ﬁ&tﬁ%? }cgdr&exanpl e 45
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.



degrees) and using a canera, positioned at a second angle (for,ex le 5.90
degrees fromthe plane of the object), to photograph the int e‘Pae‘?. C%F’Q(.Jé
t he di stance between the grid and the object varies, this variation hei ght

produces a variation in the pattern of the interferogram This variation in
the pattern can then be anal yzed to obtain 10 the relief of the object. A
drawback to the use of a Shadow Miire technique for neasuring the relief of
an object is that the grid nust be vey closely positioned to the object in
order to yield accurate results, causing 15 restrictions in the set-up of the
measuring assenbly. The Projected Mire technique is simlar to the Shadow

Moi re technique since the grid, positioned between the canera and the object,
has a function simlar to the shadow of the grid in the Shadow 20 Mire

techni que. However, a fumigerspeeifivdRCinedhddod Mopé eschafubntlGdes Behni que i s

that it involves many adjustnents, and therefore generally produces
i naccur at e resteps of positivningea) gridereartibe mhieatite hen greasdrad; LrRYidiHg of two

grids. Further . C | t0 o re.t reventing
it from being 3@‘2’@"“@?’%@ ﬁ}é@%&%ﬁlg 5’%‘2&%’ p&?q]ee&stﬁrgg&ercgﬁ%ﬁ%@ﬁ@g 4‘|5Ee use of
met hods based afegr@éd)smdalying a Bgimera, Positibaed e s¥carld avgle (fepexamplent of the
relief of an object by anal yzing ~g~ Zaoc))f 4 the phase variations of a
plurality of i répg@réﬁs frae té%jp@@? ‘%fﬂ'ﬂ%ﬁablﬁ jte ehelegeaphdhe interderogiams her et o.
Each image corresponds to a variation of the position of the grid, or of any
ot her nmeans producing the pattern, relative to the object.

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




5 Indeed, the intensity !(x,y) for every pixel (x,y) on an in%ggi
i mge may be described by the follow ng equation: ! (x, y) =

cos(A(X, y)) (1) where dP is the phase variation (or phase nodul ati on) and A
and B are a coefficient that can be conputed for every pixel. 15 In the PCT
application No. WD 01/06210, entitled "Method And System For Measuring The
Relief OF An (bject", Coulonbe et al: describe a nethod and a systemfor
measuring the height of an object wusigpg at least three interferonmetric

i mges. |Indeed, since Equation 1 20 conprises three unknowns, that is A B and
AOQ, three intensity values !" /2 and 1. for each pixel, therefore three
images are required to conpute the phase variation A Know ng the phase
variation dE, the object height 25 distribution (the relief) at every point

h(x,y) relativetie mg@&aeraqaﬁgoﬁalbfmmy oﬂﬁﬂ\gbg of tHaebj&et ater g@;édﬁ@néol | owi ng
equation (see Flgurel % = AM>(x, (2) 2,r . tan(8) where p is the
grid pitch and of agattem tbe@jtcec a@hmmem@rreagomtsst@ﬁ\@@atlorh@frféems@ioe 5 The

i a relati ve 1 8 Mo ol ey Pind meRfe PSR ¢5 ndfh reldPRRIGTC 0715 oy

so chosen as toopjeet.d phase variati ons |n t he |mages Coul onbe et a!. suggest
obtention of the i1 mages by using a systemthat all ows noving the grid
relative to ®he obj ect to be neasured.

Indeed, the intensity /(x,y) for every pixel (x,y) on an

interferometric image may be described by the following equation:
1(x, y) = A(x, ¥) + B(x, y) cos@P(x, y)) (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) =




10 A mi nor drawback of such a systemis that it requires novi
bet ween each take of inages, increasing the inmage acquisitionggﬁhgi- §quﬁ*
be particularly detrinmental, for exanple, when such a systemis used

I nspect noving objects on a production line. Mre generally, any nnving parts
I n such systens increase the possibility of inprecision and 15 also of
breakage. 20 25 A nethod and a system for three-dinensional inspection of an
obj ect free of the above-nentioned drapnbacks of the prior-art is thus
desirabl e. SUVWWARY OF THE | NVENTI ON More specifically, in accordance with the
present invention, there is provided a three-dinensional imnmage grabber
conprising: a pattern projecting assenbly for sinultaneously projecting at

| east two phase-shifted patterns onto an object; each of the projected
patterns being characterized by a predeterm ned bandw dth; and 6 5 an i nmage
acqui sition apparatus sensitive to the predetermni ned bandw dths for

si mul t aneousl| y whéieng iarthe rgrigepitdh and Ho isf thet projeution eargle] asdeecnitedn t he

obj ect. Accordin to another aspect of the present invention, there is

provi ded a syst MBasuring the relief of an object, the system
conprising: a pattern projecting assenmbly for simultaneously projecting at

| east three phase-shifted patterns onto the object; each of the JDI’OJ ected
5 The three images used by Coulombe et al. correspon

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 system 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



acqui sition apparatus sensitive to the predeterm ned bandw dt
i mage of each of the at |east three phase-shifted projected patternsn the
obj ect; each of the images including a plurality of pixels having intensity
val ues; and 15 a controller configured for: a) receiving fromthe image
acquisition apparatus the at least three inages of the projected patterns
onto the object; b) conputing the objgct phase for each pixel using the at
| east three object intensity values for the correspondi ng pixel; and 20 c)
conputing the relief of the object at each pixel position using the object
phase at the correspondi ng pi xel position. A systemaccording to the present
i nvention may advantageously be used for |ead-coplanarity inspection. 25 7
According to still anothgp & t Q%qdié]ﬁo r%@?ﬁatﬂné”%@ﬁéiﬁ@e tbhephe is provided
a nmethod for neasuring the reli’ef of "an obje conprising: simultaneously
~ projecting at Ipsedatetrhined bahdwidthdhiof siptliltansoysly takingsarvimage: dfeeashjafct ; a)

t aki ng an inagg of e%ﬁ? of ..t he athle st .three phase shifted patterns on the
obj ect to gat hen® BIPISHEd pattelns Al the atiedhi xel positions on the irmmge; b)
conputing the object phase for each of the pixel 10 positions using the at

| east three _object intensity values for the corresponding pixel; and
5 According to another aspect of the present invention, there

10 patterns being characterized by a predeterm ned bandw dt h; | &g
E@?&Md@pﬁn

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




c) conputing the relief of the object at each pixel position nﬁqﬁgj gwdagft

phase at .-t he -correspondi ng pi xel position. 15 A system and a

measuring the relief of an object according to enbodi ments of the present

i nvention are advantageous since they allows inspection of a noving object
using fixed conponents. Ot her objects, advantages and features of the present
20 invention will becone nore apparent upon reading the follow ng non
restrictive description of preferred gnbodi nents thereof, given by way of
exanple only with reference to the acconpanyi ng draw ngs. BRI EF DESCRI PTI ON OF
THE DRAW NGS 25 I n the appended draw ngs: 8 Figure 1 is a schematic view
illustrating the projection of grid on an object; Figure 2 is a schenmatic
view of a systemfor neasuring the 5 relief of an object according to an

enbodi ment of the present i e apprs | ' ' ' of the

t hr ee- di nensi onal i nage g&\gggﬁdggt? SE{Fgﬁ?{gergsggggéfJﬁﬁg%t%hgmﬁwr‘@ﬁ'enbodi ment

of the present théravisnpravided Ga Fethoad for measuringhéheatreliefv pbvanofobjeatpect r al
splitter accordi n%. 1o an enbodi ment of the invention; Figure 5 is a schematic
view of the t hPREPYPR8nsi onal i mage 15 grabber of Figure 2 according to a

second enmbodi ment of t hegipfiftafBbusly MBRICHNG: 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:



Figure 6 is a schematic view of the three-di nensional inage grabber

2 according to a third enbodi nent of the present 20 invention;, RSBu

schematic view of the three-di nensional inmage grabber of Figure 2 accoral

to a fourth enbodi mrent of the present invention; and 25 Figure 8 is a block
diagramillustrating a nethod for neasuring the relief of an object according
to an enbodi nent of the 9 5 present invention. DESCRI PTI ON OF THE PREFERRED
EMBODI MENT Turning now to Figures 2 agd 3 of the appended draw ngs, a system
10 for neasuring the relief of an object, according to an enbodi ment of the
present invention, will be described. The system for neasuring the relief of
an object 10 10 conprises a grid projecting assenbly 11, an inage acquisition
apparatus 12, and a controller in the formof conputer 14 advantageously

provided w'th a storing bcleisjaGSch%Q\agfét\ﬁé{ﬁiﬁgﬁéﬁfq]e Imagecﬁgn lpRut devi-ce

20. Together, the grid projécting a acqueEsi tion
apparatus 12 f qjritd én bhiobfectti nensi onal i nage grabber (hereinafter 15 referred
to as a "3D grabber") 15 and wil|l be described hereinbelowin nore detail.
The conputer 14 is advantageously configured to process the inmages obtained

by the system 15 and to @@Jrééﬁargr%ﬁgﬁa%gmaﬁ sfs@erﬁ%‘ﬁ%ﬁsﬁﬁﬂag fal i ef of an

obj ect 30 (see, for exanpl
5 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 embodimént of the present
invention;

10
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
16 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

20 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

25

Figure 8 is a block diagram illustrating a method for

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




The i mage processing and the neasurenent of the relief of the obj gﬂi 0 maa/
be advant ageously done using a method according to an enbodi mEQE Y }'f‘
me

present invention, as will be described further. 25 However, other t fods can
al so be used, without departing fromthe spirit and nature of the
t hr ee- di nensi onal i nage grabber of the present” invention. ,-loot 10 The

computer 14 is advantageously provided with menory neans allow ng the storage
of the imges when they are processedqby the conputer 14 to therefore

i ncrease the processing speed. 5 The Storing device 16 can be, for exanple, a
hard drive, a witable CO-ROM drive or other well-known data storing neans.

It can be directly connected to the conputer 14, or renotely connected via a
conput er network such as the Internet. According to an enbodi nrent of 10 the

i nvention, the A ce 16 is used to store both the imges taken by

t he i mage acqufﬁ%%%gﬂgggﬁgbatus 12, the relief of the object 30 and ot her
intermediary results. Those files can be stored in many format and resol ution

that can be re [ 4 ice 20 all ows

vi sual i zati on WMMW t he conputer 14, and
can take many fornms from a display nonitor to a printing device. The input
device 18 can be a conventional nouse, a 20 keyboard or any other well-known
i nput devic®, or conbi nafluping hewdoFiguies 2 andi3 ke appendetdrapingsat a and
commands into g, GoHPYbCfor HeastMig CATPIIEF of hn°BBjeRE SetRii¥g L' gR3! Personal

conput er

embodiment of the present invention, will be described.

The system for measuring the relief of an object 10

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

156 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

20 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.

25 However, other methods can also be used, without departing from the
spirit and nature of the three-dimensional image grabber of the present

invention.




or any other data processing machi ne that includes a processor, a 25 nory
and i nput/output ports (not shown). The input/output ports na ;ym <§004—
network connectivity to transfer the imges to and fromthe storing Vi ce
16. 11 5 10 O course, the conputer 12 runs software that enbodies a t hod
for neasuring the relief of an object, as will be described hereinbel ow.
Turning now specifically to Figure 3 of the appended draw ngs, a 3D grabber

15, according to a first enbodi nent of the present jnvention, wll be
described in nore detail. The grid pr'ojection assenbly 11 includes an
i1lumnating assenbly 22, a grid 24 nmounted 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 optical fiber (not shown) providing Iight from
a white light source (not shown). An aspherical.lens 36 or any other

condenser is also advant Wé%@ﬁ%pﬁtéﬁsﬂqsﬁﬁflé{ﬁﬁﬁeédﬁy SroNIded with mBfhdrpe  grid 24.
It is believed to be within the reach of a person skilled in the art to 20

concei ve anot hmearu3|aﬂnwmthagtoa@mfﬂhqmagasuwhanfbex prer procegsediy the esent
I nvention ve ny pattern nounted in
a frane. Accor%?ﬁ@h Llﬁoltbglie %%Fﬁ\{%ﬁ’eoﬁ)r Eﬁ%?#%% I nvention, the 25

i1 um na:['I ng assenbly 22 also includes a spectral splitter (or "light
splitter?) 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.




35 positioned between the illum nating assenbly 22 and the grid ee
Figure 4). The spectral splitter 35 is designed to decorrpose&@ 14 %@Q’tﬁ
12 5 10 light 37 produced by the light source 34 into at | east two di(fferent
nmonochromatic lights (each of the three styles dashed lines in Figure 4
represent a nonochromatic light) or two non overl appi ng bandw dths. O course,
if one of the 3D image grabbers 15, 17, 19 and 21 is to be used for the
nmeasure of the relief of an object u§i1ng a phase- shifted nethod, they should
be nodified to sinultaneously project 'at |least three phase-shifted grids as
wi || be expl ai ned herei nabove. Alternatively, any means configured to
deconpose white light into a plurality 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 |ight nmay alternatively

repl ace the source of white light. Since devices producing such results are
believed to be well-kno@hcourséhtBedomputdred2 inklsoft@iardthatiefbodiseda herein in
further detail. 20 The configuration of the grid 24 may vary dependi ng on the
resol ution thafethod dgiimeasuiing dheqietickiof are2biach aﬁemﬁebe sgfibethe obj ect

30. For exampl geordidhdign. Peen found that a ronchi ruling having 250 lines per
inch all ows nmeasurenment of the |lead coplanarity of a circuit board, where a
resol ution ®f approximately 1 mmis required. 25 A projector 28, in the form
of a 50 mm TV lens, s 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



advant ageously used to project the grid 24 onto the object 38. c July Q f
The use of a white light source 34 projected through a spect&aﬁi.ﬁjﬂ. ﬁkég%%
and then through a grid 24 advantageously allows the sinultaneous profgction
of at |east two nonochromatic phase-shifted grids 5 onto the object 30. The
spectral splitter 35 may alternatively be in the formof a prismlike device,
deconposing the white light into a continuous spectrum of light. In the
current exanple, the image acquisitign apparatus 12 may 10 be configured to be
sensitive to a discrete nunber of manlengths. The angle 0 between the
direction of incidence of the light (dashed line 42 on Figure 2) and the |line
of sight of the inage acquisition apparatus 12 (dashed line 44 on Figure 2)
may vary depending on the 15 nature of the object 30 to be neasured. It is

believed to be,.within the reach of .a person illed jn fhe t to position
the illuminati ’@d'taSZeWB 9°9£§ V;W& ng?tds%c%r%qu{g %r k&S% B’lv%jcg_@?'@fl?zg relative
to the object gfynobRromatichights(ehasdt tieE tiee RANeNdadHER lindld iHFSGERU Pi tch p onto
the object 30. For exanple, a ronchi grid, having a density of 250 lines per
inch, with a dreprasey mmoaocmmﬂcmgh&gequ n@n@bﬁr@nplrm)bawéwldﬂ@. proj ector 28,

and for an angle 0O 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 nm on

the surfacesof the objecOfdéurse, if dble apthe 33 ihyé gribbirs 151 i 1randf the
projected grids will vary with the ) ) ]
21 is to be uséd 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.



pitch of the grid 24. It is to be noted that the system 10 doe noigr ngr%
grid 5 between the canera 46 and the object 30. This advantaé& ' 0 j}
di scussed herei nbel ow. Alternatively, the grid projection assenbly 11 y be
configured to project any other pattern by substituting the grid 24 for a 10
sem -transparent plate including a characterized design. The inage acquisition
apparatus 12 includes a canera 46 provided with an array of pixels, which is
advant ageously in the formof a colqr, CCD canera, configured to be sensitive
to the wavel engths of the 15 projecté& grids. Each of these caneras provide,
for exanple, a resolution of 1300x1024 pixels. The image acquisition
apparatus 12 may include a telecentric |ens 48, advantageously nounted to the
canmera 46 via an 20 optional extension tube 50. The configuration of the

i mage acquisition apparatus 12 and the distance between the apparatus 12 and
the object 30 determines the field of view of the inage acquisition apparatus

12. Alternatively, a 25 ygsiysgdof & ShisiteOlight! SoMréB40sropTieE RGuyht dout the
extension tube 50 by ade uatelé di stancing the canera 46 fromthe object 30.
é&o’q'lﬂi en

c -TuQ JRc 2j spedral spiitar thnougly paridt24sadvantageously adlows e t aneous| y

30, 510 s t ool RRp R BRisioR a" e i BrorRbRofeie Bndee etdbiel "cuppbr

means (not HhovhAfo the dbjgdtBoon the inage acquisition apparatus 12

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.




and the grid projecting assenbly 11 relative to each other and fo_t oggﬁg
30. Alternatively, other registration neans can be used w thou i lf
fromthe nature and spirit of the present invention. 10 Turni ng now to(Fi gure
5, a second enbodi nent of 3D grabber 17 will now be described. Since the only
di fferences between the second and first enbodinents are in the inmage

acqui sition assenbly, and for concision purposes, only those differences wll
be described herein in 15 further dqtail. The i mage acqui sition apparatus 12
includes three canmeras 46, each in {'le form of a CCD canmera. 20 25 The use of
sem -transparent mrrors and filters 52-56 allow redirection of |ight com ng
fromthe object 30 at an angle O to one of the three CCD caneras 46. The
filters allow discrimnation of the wavel engths corresponding to the three

projected grids. Mxre p I rdy, @, kst b SPal irLor 52 is
configured to reflect tﬁgb;'lﬁﬁél?’ Q‘é&é@%rﬁ’%@% Qrﬁfégke eﬁn‘&@ V%&}Nméttﬁéc)arrera 46
and to allow t pitch efthiergtiel24f the light to pass through it, including the

,~)'a iQaoOt 16 second and third wavel engths. The second wavel ength is
reflected onto a second canera 46 by the second seni-transparent. mrror 54

that is chosen so as to i | The . third mrror
56 then reflects the | ilék]sf{oh%é\]/ﬁ%%gttﬂéejt tpﬁ:é?%}g\j\ngw;fjé%%ﬁﬂg%n uj)reéa hclj rd canera
46. 5 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.




Each of the three CCD caneras 46
obtention of the above-described
acqui sition apparatus 12 10 and
repl aced by CMOS (Conpl enentary
i mage acqui sition apparatuses 12
to discrimnate nonochromatic 15

of a person skilled in the art to
| i ghts having predeterm ned bandw dt

advant ageously includes a filte at alloms
result. It is to be noted t Lﬁia
12', the CCD cameras can alternatlveg’
Met al - Oxi de-Si li con) devices. Although, the
and 12' have been described so configured as
Iight it is believed to be within the reach
ify these apparatuses to discrinnate
1 Turning nowto Figure 6, a third

enbodi nent of a system 19 20 for obt ai ni ng phase-shifted i mages will now be
described. Since the only differences between the third and second enbodi nents

are in the projecting assenbly,

differences wll be desg‘rl bed herei

hlmgde AE Pl Bpdalat 352 AIEWR S spfiliehagudl PLr o, o

assenbly 11' includes th

and for concision purposes, only those
The projecting

source With a g4keth ﬁﬁlrﬁﬂﬁoﬁmﬁg@s%bﬁésé’-ghlﬁéd prdj@dted Qriti§ enfy thsbLtof Figures 3
or 5, with the difference that the light fiSwaoo it 17 source 34' 34" and

34" are not s8frces of white light but emit a light beamhaving a

predet ermi ned wavel ength different from one another. Each of the produced
beans of |ight are directed along a 5 direction of incidence (dashed |ines
42', 42" or542"') and arii¢ #obe actedcthal thecsysteen il0dncledexapadjustablesi ng a
reflectlng arrangenent that includes mrrors 58 and, 62 and sem -transparent
nmirrors 60 andSépportngaes fnptghawn) tamositige temimage agarisiion appariys d9ed to be

Wi thin the reagfyqhe yrigehrofiting 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.

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

The image acquisition apparatus 12’ includes three cameras

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

10
15  further detail.
46, each in the form of a CCD camera.
20
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



skilled in the art, it will not be described herein in further de @Q 10T
preserve a constant pitch p for each of the projected gridsz;zngf. %a
di stance fromthe object of each pattern projecting apparatus may v

Al ternatively, when such constant pitch p is not preserved, the dlfference in
path of the incidence rays nust be taken into 15 account when using the
resulting images for conputing the relief of an object. OQoviously,. the
projecting assenbly 11' and the inmaggqg acquisition assenbly 12 may be conbi ned
in a fourth enbodi nent of a 3D 20 grabber 21 according to the present

i nvention (see Figure 7). Again, as in the case of the first three

enbodi nents descri bed herei nabove, the system 21 allows the sinultaneous
projection of three phase-shifted patterns onto an object and to then

si mul t aneous| y sadif AR USRS \Qévélé‘ﬁgﬁﬁs Wé’éé&hﬁ@v%ér@'tﬁ‘% reflct8bidisigh the
systenms 15, 17, 19 and 21 have been described as being confl%wged to

si mul t aneousl yamagoedtcmreéﬁ)byttbe ﬁgg:om;i semiimngpanerirmitr drdthad is o t he

Pumber of | patt EPRRETHER A5 Rdn Dadhny yapdel iR ndl ThatEE I Bhoh t hr e
pattern proj ectignoreflects pielightirv Pahe tHirdstavlietgth bnfol PtHiicaeradiel, it is
believed to be within the reach of a person skilled in the art to nodify the

3D grabber ®f the present invention to allow the simultaneous projection of

any number of patterns  ERUE,{{REfhbdBCD ol 4BRd0aWaboddPibfials of the

appended draw ngs, a
. 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




met hod for neasuring the relief of an object, according to ag&&?f ”%fe@f*f
' ed,

the present invention, will be described in further detai

the nethod consists in neasuring the 15 relief of an object 30 by peyform ng
the follow ng steps: 100 - sinultaneously projecting at |east three phase-
shifted grids onto the reference object; 102 - sinultaneously taking an inage
of each of the phase-shifted grids on the reference object to gather an
intensity value for 20 each pixel ofythe inmages; 104 - conputing the 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 the reference object by using the respecting

phases ther eofsdipée S4Era4"RineEs4™ %Péinéf sourced bf wﬂﬁtél ht Euﬂ&nikjeph%;htdet erm ning
the relief of the object for each pixel using the ference hei ght at
every pixel . mhgtélngraapregleteps@ln@dlwavedﬁmgil@dffimntéfor@legganbﬁn@rw th 5
reference to a first exanple where the object to be nmeasured is a | ead sphere
nounted to a board. However, it is to be noted that a nmethod for neasuring

the relief of an object Eghosfthepréduced brabedofiight aoé dirbetedp!l@t@at i nvent i on
al l ows measurenent, of the relief of other three- dinmensional ect S.
5 direction of incidence (dashed lines 42’, 42” or 42"y and are redlrec ed

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



By choosing a plain board as the reference object, the dlfferencgﬁé
bet ween the object and the reference object will provide t .

sphere. The conmon el enment to the object 62 and the reference object

this exanple, the board. 15 In step 100, the system 10 is used to

si mul taneously project three phase-shifted grids onto the plain board. As it
has been di scussed hereinabove, the system 10 includes a neans to register
and fix the position of the grid(s) 184 and the canera(s) 46 relative to the
reference 20 object (and later the object). The system 10 is also used to

si mul t aneously 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 conputer 14 stores these intensity values for

future procesgprgrablél dctording!te thepresbfidnidhtibn the beicohfgLIRdEAY esedf
phase-shifted inmges obtained by the system 10 is three, since Equation 1
conpri ses thrB%s'mmﬁ@ﬂﬁﬁ'éswPF%@CtlaélYA‘U”E’G&IQ@PMtefé.‘ﬁd“Qfﬁéhé'ﬁ @ three intensity
values 5 !" /2 and /3 for each pixel are required to conpute the phase
variation 40. The system 10, and nore specifically the 3D grabber 15 (or 17
or 19 or 21), allows obtkig toole abtadnthgesver troughdhese pattelhe;frejesﬁhgted grid
onto an object simlar tq |ma% s, that coul d have been su&qcesm vel

obt ai ned by5 t rﬁHB"P@F‘fWﬁ'W@"@ dfnFigyes Rand bdlds beligeed to es“’W'é'QG'P%s in three
equations sim " hidt afstedd ?ﬂmegrug ﬂ'§ %@;&‘moﬂw‘fﬁb 31 glaBBePbftRt prédery Of the

canera 46: 16 !" —A+B- cos(,
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




where n=1,3. By solving the system of Equation 2, one obtai n ue (bf
frP. The wavel engths of the three projected grids are chosen %@ }f
In S p 104

advant ageously provide different values of dcpj, ac02 and Q‘p3

t he phase is conputed using the three intensity values for each pixel
solving the Equations 2. This can be achieved by using a conventi onal
nuneri cal nmethod, for exanple. Nunerical nethods 25 for solving such system of
equation are believed to be well knovxﬁ, inthe art and will not be described
herein. ~a -V4 aooJf 21 Since the method of Figure 8 requires at |east three
images to neasure the relief of an object, providing nore than three inages
allows to select the three best values for conputing the phase anong the 5
four available values for every pixels. |Indeed, nost nmethods for conputing
the relief of an object ﬁ@guué@mmgthé%umf%cbu;&tmtea%hg fifisingne
opportunity to sel ect the best value when four images are avail and one
of these is sathe diffeterge ofdieight at evatyepixalhe met hod of Figure 8 is used to

i nspect a series of objects, steps 100 to 104 nay be advant ageously perforned
only once for the reference object before the inspection. This allows the
speed of the inspecti OnThés@?ehéﬁdl%ﬂéanllﬁownBQQ‘ﬁrtﬁér HescribedewitRce obj ect

t hat woul d have been obtaine rior to any measurenment of the object may al so
be provi ded® Str@fsserwdqa)f@mxam@lerwb@@tfég abjeqtdp lbgonpasurrd is @fleednce obj ect

Wi th the obj ectyhodifiollRRI S 8bdard.CPoklber, it49to 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.




Since there is no difference in performng steps 100 to 104 i t he obj ect
and with the reference object, and for concision purpose_&??;;;n tc&rﬁoﬁll
not be described again by referring to the object. 25. Qher nethgds of
conputing the phase of the object and/or of the reference object“~my
alternatively be used w thout departing from the spirit of the present

i nvention. These alternative nethods are believed aDb 22 to be well-known in
the art and will therefore not be de i bed herein in further detail. In step
108, the difference of height between the object 30 5 and the reference
object is conputed for every pixel, as obtained in step 104, by subtracting
the phase of the reference object fromthe phase of the inspected object. It
is to be noted that the phases conputed in step 104 for 10 the object and for
the reference object correspond to surface phases relative to an inaginary
projection plan. Wien a non-parallel projection of the grid(s) 24 is done,
this imaginary projecti trs fd benbleddhatsthe Imigimung nombee df phasesshified ot

detrinmental 15.to the t hod for asuyri.ng the .rel ief of an object, according
Lo the " presentmAgbeApIIEY By HEsyBBeH 1018 trifgubse Eann SReBPraRS of t he
reference obj @gbe@imknb@ii€thil is A, BéhdS ABRaRY fHefdtbrlthred iRfehisityiQapBases of the
obj ect and of the reference object 20 at each pixel correspond to the

di fference of Weilgnd hlansaeh piXebareequired torcantpute dfecprasecvanibiier t))P. and t he sane
i magi nary projection plane (since the sane systemwth the sane opti cal
set-up is used), their subtraction yields the difference of height between

the object and the refergagy&BIPAI, andthére 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.




allows the inmage acquisition of the object and of the reference objgct to be
25 perfornmed under different illumnation. In the optional iihﬁ t O
relief of the object, i.e. its JU, ':Skob-t 23 5 10 hei ght, iS(kﬂeN%fned for
each pixel, using the difference of height at every pixel between the object
and the reference object, and know ng the dinensions of the reference object.
As will now appear obvious to a person of ordinary skills in the art, a

net hod according to an enbodi ment of j4he present invention can be used to
measure the difference of height between two objects (one being the
reference), In this case, step 110 is obviously not perforned. In sone
applications, it may be advantageous to use a plane surface on which the
object to neasure will be laid on during neasurenent as the reference object.
In sone applications, it may be advantageous to provide the 15 system 10 with
a registration systemto help position the object and the reference object to
a known position rel ati v%mpathe]meﬂmdmfﬂggre 8iradgites at leastidhvea i Imemrl son

bet ween the obje rence ec for_each pixel, a
eqi strat i on_SyE risatHcs 1 colRe o kY Soigh FEbvitia Hefe Bl bras imBgeR ar e 20
Such registrat aﬂtEW§tbS§e¢éﬁtfmﬁ’e’tﬁr@é(Beéfﬁ@lﬂe%cfém?omﬁlﬁhgdhélghaséﬁméhgtﬁé\ pl ane
surface, a stand or a software programinplenented in the conputer.
5 four available values for every plxels 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



25 It is to be noted that the inages may be acquired first an
processed at a future date wi thout departing fromthe spirit égeQﬁf
i nvention. aoo-'l 24 As will be apparent on reading the present descrd/ption, a
met hod, according to an enbodi nent of the present invention, allows
measurenent of the relief of an object using white light. 5 Al though the
present invention has been described in an exanple in which spherical objects
are nmeasured, it allows for the inspggtion and neasurenment of objects having
ot her configurations. 10 The same 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. Alternatively, the reference object may be replaced by a conputer
nodel of the object, generated, for exanple, by a Conputer 15 Assisted Design

(CAD) that would Beywellikaern\vh thelatt!andna itidrefié notbe dedtied Redeieirset - up of
the system 10. Al though _the present invention has been descri bed hereinabove

by way of pref dHFtbar daildi nents thereof, it can be nodified 20 without
departing fromthe spirit and nature of the subject invention, as defined in
t he appended clains. 0300 25 WHAT IS CLAIMED I'S: 1. A three-di nensi onal inmage
grabber conprising: a patihatep P0&)jthe tiffeceraessfihieight betwesmthlet ahject 84 v
proj ecting ot i ined i
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




acqui sition apparatus sensitive to said predeterm ned bandw dt hs f

si mul t aneously taking an i mage of each of said projected patterns o
object. 10 2. A three-dinensional inmage grabber as recited in claiml,
wherein at | east one of said predeterm ned bandw dth i ncludes a single
wavel ength. 15 3. A three-dinensional3inage grabber as recited in claim1l,
wherein said pattern projection asse%%ly i ncludes a sem -transparent plate

5 at least two phase-shifted patterns onto an object; each of sairj— og{cte
patterns being characterized by a predeterm ned bandw dt h; and 3 u% Ov
o]
t he

including a pattern to be illumnated by an illum nating assenbly, a spectral
splitter to be positioned between said plate and said illumnating assenbly
and a projector for projecting said illumnated plate onto said 20 object;

said illumnati il I~AGhi i I posi ti oned
as to be proj eIgtaggﬁ?%ra‘g%gﬁmsg?ﬁl%cgﬂél'zgwgqﬁ%rafgg- |dr$§)rl:sh:e§rpllgF§?Vrrea%e gr abber as
recited i n cl aipixeB betwgar ditan obdctl andl thei rederienge axbjaotbhnd fknowlieg theicl udes an

optical fiber %nd a. 25 ip%nde]nser fqr. hringing light fromsaid white source to
said plate. : SeETRIFS IeNg reigTeNGE QbR ensi onal i mage grabber as recited in
claim3, wherein said sem -transparent plate is a grid. 6. A

t hree-di nensi onal inmage grabber as recited in claim1l, 5 wherein said pattern
proj ection &ssenbly inc|gé~g" ReW [appsar etwioysaotaeperspp of etdinary skfiisdn at uses and a

reflecting arr ; [ IR ' ' . bei ng
e ecting A SOSACEmetiAg BeBl i APLABHImdH: ¥ 85 bRALPRRRIANYT
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.



predet ermi ned bandwi dth through a pattern; said reflecting arrangepent . bejng
so configured as to direct said projected patterns al ong azﬁcﬁnﬂ;@e &OOJ‘I'

direction of incidence. 7. A three-dinmensional imge grabber as rec{jted 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
illum nating assenbly and a projector for projecting said illumnated plate
onto said reflecting arrangenent; saix 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-dinensional inage
grabber as recited in claim6, 25 wherein said plate is a grid. ClL -U ao(c) f
27 5 10 10. A three-dinensional image grabber as recited in claim®6, wherein
said pattern projecting Appéll deapparentorseading ih'ecmeaem’tedeﬂci‘ip’éonm each ot her

as to each provi he sa stance from.s res tlve e to the
obj cot - 11, MiatGed oondfdia e RaBebigi 3R e SRR i RR L A £ oner ei n
sai d i mage acquigdsutememuTandtdlief bfén objest @ing ARE lige canera sensitive to
sai d predetser m ned bandw dt h.

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 subject invention, as

defined in the appended claims.




12. A three-di nensional image grabber as recited in claim 11, wherein said
i mage acqui sition apparatus includes a telecentric |ens. %QA:KLQ K00

t hr ee- di nensi onal inage grabber as recited in claiml, whéerein saaﬁ i mag
acqui sition apparatus includes at |east two caneras, 15 each sensV¥tive to one
of said predeterm ned bandw dth. 14. A three-di nensional inage grabber as
recited in claim 11, wherein said canera is selected fromthe group
consisting of a Charge Coupled Devigg (C CD) canera and a Conpl enentary
Metal -Oxide-Silicon 20 (CMOS) device. 15. A systemfor neasuring the relief
of an object, said systemconprising: a pattern projecting assenbly for

simul taneously projecting 25 at |east three phase-shifted patterns onto the
obj ect; each of said projected patterns being characterized by a

predet erm ned WHARMSOLAIREDISEO an i nage acqui sition apparatus sensitive to
said predeterm ned bandw dihs for taking an i magé€ of each of said at |east
t hree phase-shifted projected patterns on the object; each of said inages

including a plurality o ' S [ J ' ..and a controller
configured for: a) receitl'\/ﬂwgﬁéerggﬁ?%/ S@&#ﬂé@%@%é%%ﬁ"?ﬁ%ﬁr atus said at
| east three imges of thepatter pedjectingpassenity fnsmilmesbsigprojebingconputi ng the
obj ect phase for each pixel using the at |east three object intensity val ues
for the corx espidfastiyomhase-shilted najtemsmpnie pApbiass qashiafsaigiprojestashj ect at each

pi xel positi 0Ny yems 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.



usi ng sai d object phase at the correspondi ng pi xel positio 1 Ad%ﬁé as
recited in claim15, wherein said pattern projecting asse%ki f aagri
illumnated by an illumnating 15 assenbly, a spectral splitter to

positi oned between said grid and said illumnating assenbly and a projector
for projecting said illumnated grid onto said object; said illumnating
assenbly including a source of white |ight so positioned as to be projected

t hrough said grid. 20 17. A systemasagecited in claim15, wherein said pattern
proj ection assenbly includes at |east two pattern projecting apparatuses and
a reflecting arrangenent; each of said pattern projecting apparatus being
configured to project a light having a predeterm ned bandwi dth through a
pattern; said reflecting arrangenent being so configured as to 25 direct said
projected patterns al ond. aAtirasiiméhsiendl imagefrabber de regited 29 clhinB, syst em as
recited in claim15, wherein said inma acqui sition apparatus i ncl udes at

| east one canelheRipsald srmirtRnspaENt ?%%lé‘t%ﬂﬁ’i‘ﬂed bandwi dths. 5 19. A system as
recited in claim 15, wherein said conputer includes nenory nmeans for storing
said imges during their process. 20. A systemas recited in claim15, wherein
sai d conmputer includes @t Atbm—dlmeasmhaldmgelg'rartg)adasire&itedannclarrpdt, devi ce and

an out put 0 device. 21.The use, o t he s%giyem of cl sigw for

| ead- copl a efeﬂgﬁ@lfi P8 ernl;grogag ion, 358 ipgHdEs pratiesni ef of an

obj ect  compr ﬁrd}@ctma)apabmthémréﬂeef@ Stdrigitneiit; éa%ﬁ%fshi@f&.ﬁte‘?ﬁase shi fted
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.



patterns onto the object; e) taking an i nage of each of said at téhr
phase 20 shifted patterns on the object to gather an intepRRy p(&i&el
positions on said inmage; c) conputing the object phase for each of (|said pixel
positions using the at |east three object intensity values for the
correspondi ng pixel; and 25 d) conmputing the relief of the object at each

pi xel position using said object phase at the correspondi ng pi xel position.
30 23. A nethod as recited in claim227 wherein said at |least three inages are
taken sinul taneously. 24. A three-dinensional inmage grabber conprising: 5 a
means for sinultaneously projecting at | east two phase- shifted patterns onto
the object; each of said projected patterns being characterized by a

pr edet er mi ned bandwi dth; and a neans for sinmultaneously taking an i mage of
each. of said projectedi® theserdintensional irizjgegrablssriad reditegidn chim@ neans bei ng
sensitive 10 tqQ said predeterm ned bandw dths. 1/5 H_ A : Phase Mdul ation

- Gid ProjectiofNEEeB BaftepPipiecting apparatuges gressq pesitionedireativedo

each other as to each provide the same distance from said respective

plate to the object.
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;




3D | MAGE GRABBER 11 GRID PRQIECTI NG ASSEMBLY To Canera | !\Q/AGE
1j APPARATUS -1/ 14 STORI NG DEVI CE COVMPUTER OUTPUT DEVI R S,
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an image acquisiton apparatus sensitive to said

~predetermined bandwidths for taking an image of each of said at least

three phase-shifted projected patterns on the object; each of said images
including a plurality of pixels having intensity values; and
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

¢) 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
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.

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

direct said projected patterns along a common direction of incidence.

SO 5



58 443 42 30 x/ _7 ~j' gOoft 5/5 100 SI MULTANEOQUSLY PRQIECTI N(E:EAT LE%&EEEE
PHASE- SHI FTED GRI DS ONTO A REFERENCE OBJECT 102 Sl I\/ULTANE%&# GE
- OF EACH OF THE PHASE- SH FTED GRI DS ON THE REFERENCE OBJE O GATHER AN

I NTENSI TY VALUE FOR EACH PI XEL OF THE | MAGES 104 COWVPUTI 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 COWPUTI NG FOR EACH PI XEL, Tp D FFERENCE OF HEI GHAT BETWEEN THE
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EVERY PI XEL 110

18.A system as recited in claim 15, wherein said image
acquisition apparatus includes at least one camera sensitive to said

predetermined bandwidths.

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.



DETERM NI NG THE RELI EF OF THE OBJECT FOR EACH PI XEL USI NG THE-BI FFE L‘O:
HEI GAT AT EVERY PI XEL -f-=EENTB Py 2 ju% %%Bgz

30

23.A method as recifed in claim 22, wherein said at least

three images are taken simultaneously.

24. A three-dimensional image grabber comprising:

5 a means for simultaneously projecting at least two phase-
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  to said predetermined bandwidths.





