.V, =), -Ti 0~ 0" 1 TITLE OF THE | NVENTI ON SYSTEM FOR SI MJ

PRQJECTI ONS OF MULTI PLE PHASE- SHI FTED PATTERNS FOR THE THREgsggggF é%RﬁfT
| NSPECTI ON OF AN OBJECT FI ELD OF THE I NVENTI ON The present invention (el ates
to nethods for three- 10 di nensional Fnspection objects. More specifically,
the present invention is concerned w'th a system for sinultaneous projections
of nmultiple phase- shifted patterns onto objects for their three-di nensional

i nspection. BACKGROUND OF THE | NVENTI ON 15 The use of interferonmetric mnethods
for three-dinensional inspection of ohby gct variations of
height (relief) of an object is ek— %& Gﬂi@sﬁ%} ;mz}(bﬁ%w@nese met hods
consist in generating an interﬁ@ro -erc pattern on the surface of the object

and then 20t§|?qdyzpf\9j§t19ﬁsul i ng i pterfﬁ@nmél c image (or interferogram

to obtain érelie & obj ect.| The i BAe{d ¢ i mage generally
includes a series {f black and itleifringes. Interferonmetric nethods that
require the use of a\lasey toXx’25 gygnerate the interferometric pattern are
usual l'y called "class\c in{erfgronmeqrtc nethods". In such classic nethods, the

wavel ength of the [|aser and th& co qgur |on of the measuring assenbly
generally ,~ QW a00 5 10 dejer et period of the resulting
interferogram 4#&-assic i\nter\eronet metk@dqur exetlﬁngl IA/ngi;gd in the

vi si bl e spectrumto neasi\ e hgight Lati ons in the or m cron.

However, there has been diNffichlty \ Sing such a nethod to neasure hei ght
variations on a s@)@ @tshsmn-- rarthe in the order of 0.5-1 nmm when they
are inplenented in Rl € sypect num ‘Yndeed » e density of the black and
white fringes o rTero an1 N ses, causing the analyzis
to be tedious. R%Qéﬁz}%mgiﬁ"kfﬁ cl assrc mteré tric nmethods is that
they require neasuring assenblies that reGﬁadt y sensitive to noise

and vi brations. 15 Three-di nensi onal |nspect|on nmet hods based on Moire
interferonetry allow for a gEﬁg:g%%g%F:E‘ asurenent of the object in the

vi si bl e spectrum as conpare ccUngy of classic interferonetric

met hods. These nethods are based on the anal yzis of the frequency beats
obt ai ned between 1) a grid positioned over the object to g ;2 g@asured and
its shadow on the object ("Shadow Mire Techniques") or ? e projection of
a grid on the object, mb;h—ann{hef oSt onad——betwe y he obj ect, and
the camera that is used3DolMA(R A ER he resulti ng interfefogram ("Projected
Moi re Techni es") 1S € etween the two grids
produce the i nterferogram ¥Bte specifically,

t he ShadOM/Nblre 1 IMAGE ACQUISETIONONni/ng a grid near the
object to be neasur i pat i oyppiaRarus fir hngl e fromthe

pl ane of the object egyees) and using capera, positioned
at a second angle (for € plane o] the object), to

phot ogr aph the i nt/écfe o mCEheTwWee The 4 i d and the
obj ect varies, thi iati Rei gl gducesya variation in the pattern

of the int tern |l yzed to
obtain 10 {t he rellef of the objject. he use of a Shapow Mire
t echni que floSTORBNG DEWIQEt re—oHi ef COMPEATERD] e¢ I hNPUDEDRWMICE npst be very
closely pgsitioned to th j in order to yi accurate resultp, causing
15 restrict ed Mdire

t echni que |s<S|n1Iar toithe ShadOM/'Nb{rertechnlque since the grid, positioned

technique is t it invol vesfmany adjustnents, and therefore
generally produces inaccurate i i{ requires the positioning and
tracking of two grids. Further Jrifftends to obscure the
canera, preventing it fron1bei‘g used S|nulta eously to take other
nmeasurenents. 25 The use of net (0T T phase-shifting" interferonetry
al l ows nmeasurenent of the relief of an object Hy—an Luz#ng g~ Zaoc))f 4 the
phase variations of a plurality of images of {ﬁZJLJ T2t aiéz proj ections of
a pattern thereto. Each inmage corresponds to a variation of the position of
the grid, or of any other neans producing the pattern, relative to the

object. 5 Indeed, the intensity !(x,y) for every pixel (x,y) on an
interferonetric i mage nmay be described by the follow ng equation: ! (x, y) =
A(Xx, Y) + B(x, y) cos(A(Xx, y)) (1) where dP is the phase variation (or phase
nodul ation), and A and B are a coefficient that can be conputed for every

pi xel. 15 In the PCT application No. WO 01/06210, entitled "Method And System
For Measuring The Relief OF An Object”, Coul onbe et al. describe a nethod and
a system for neasuring the height of an object wusing at |east three
—interferonetric i nmoges. | ndeed. since Equation 1 20 compri ses t hree unknowns,

Proj ected Mire




on the imge; b) conputing the object phase for each of thesps Q004
positions using the at |east three object intensity valuesc?§$%$£r Lf

correspondi ng pixel; and c) conputing the relief of the object at eagh pixel
position wusing the object phase at gge correspondi ng pi xel position. 15 A
system and a nethod for nmeasuring the€“relief of an object according to

enbodi nents of the present invention are advantagqus since they all ows

i nspection of a noving object using fixed conponenfg~_ QO her objects,

advant ages and features of the present 20 invention wWill becone nore apparent
upon reading the follow ng non restrictive descripti“ of preferred

enbodi nents thereof, given by way of exanple only w reference to the
acconpanyi ng draw ngs. BRI EF DESCRI PTI ON OF THE DRAWNSS 25 I n the appended
drawings: 8 Figure 1 is a schemati cyiew illustrati+ig-fRe projection of grid

rd

on an object; Figure 2 is a schematix vieM/of/g; S gﬁ) measuring the 5
relief of an object according to an enbodtpeﬁ& 3 D S inVEQtion;
Figure 3 is a schematic vieM/Qg t he tNr ee? i 3 s gralgbgqr of Figure
2 according to a first enbodi ng [ j 0 Hi .4 is a
schematic view of a spectral ntjigf the
invention; Figure 5 is a schemat\c 15
grabber of Figure @ } the pres

i nvention; Figure § Ahree [

grabber of Figure i et of the prese

invention; Figure 71 t hr ee- di nensi onal

grabber of Figure odi nent of the present

i nvention; and i X i fagramillustrating a nethod for
measuring the-Afeli an\pbyect aecording to an enbodi nent of the 9 5
present invegtion. HE PREFERRED EMBODI MENT Turning now to

drawi ngs, a system 10 for neasuring the
relief of an olject, accordi to an enbodi nent of the present invention,

wi |l be describad. The sysg€m for nmeasuring the relief of an object 10 10
conprises a grid\project¥ng assenbly 11, an inmage acquisition apparatus 12,
and a controller e form of conputer 14 advantageously provided wth a
storing device 16, ‘an out put device 18 and an i nput device 20. Together, the
grid projecting assenbly 11 and the inmage acquisition apparatus 12 forma

t hr ee- di nensi onal inmage grabber (hereinafter 15 referred to as a "3D grabber™")
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
exanpl e, Figur$§3 . The image processing and the neasur nt of the relief of
t he object 30 y dvant ggequsl y done ing a nethod ording to an
enbodi ment of the pres i ion, as Wi be described flurther. 25 However,
ot her nethods can al so , W thout departing fromth spﬂrit and nature
of the three-dinmensional inggg grabber of the present inyehtipn, ,-loot 10
The conputer 14 is van sly provided wth nenory _mehnps Iﬁomﬁng t he
storage of the inages y are processed by the _ fer]H4 to therefore
i ncrease the processing speed. 5 The storing de®\ ce--16 be, r exanple, a
hard drive, a witable CD-ROM driye&r other wetl own L a ring neans.

It can be directly connected to t onpqLe{f'\, renotely Pnnected via a
conmput er network such as the Internet)Actaq ng™e@ an enbodi n of 10 the

i nvention, the storinggdevice 1 reyoth the i maggs taken by
the i mage acqui sitiop/ appar at us 12,éphe reliefNwof the object 30 'and ot her

i nternedi ary mgsul Those files n béostored in many format and resol ution
that can be read by the conputer 133 15 The out put device 20 all ows
visualization of the imges and of thg data produced by the conputer 14, and
can take many forns from a display nonytor to a printing device. The input
device 18 can be a conventional nouse, ® 20 keyboard or any other well-known
i nput device, or conbination thereof, whi ch al | ows i nputting of data and
commands into the conputer 14. The conputer 14 can be a conventional personal
conputer or any other data processing machi ne that includes a processor, a 25
menory and i nput/output ports (not shown). The input/output ports nmay include
network connectivity to transfer the imuges to and fromthe storing device
16. 11 5 10 O course, the conputer 12 runs software that enbodies a nethod
for measuring 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 rent of the present invention, will be
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
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For exanple, a ronchi grid, having a density of 250 lines per _inc i th
di stance 43 of 22 cm between the object 30 and the projectorc;?éa :@ﬁﬁ? PSQBO}T
angle 0 of 30 degrees, provides projected grids having a 0.5 25 nn1pit;£ p.
Such a pitch is equivalent to a variation of height of about 1 nmon the
surface of the object 30. ¢ JJy aoc) 1#%sQbviously, the pitch of the projected
grids will vary with the pitch of the grid 24. It is to be noted that the
system 10 does not require a grid 5 bggmeen the canera 46 and the object 30.
This advantage will be discussed hereiNahel ow. Alternatively, the grid
projection assenbly 11 may be conH Hedto project any other pattern by
substituting the grid-24 for a 14 sem -t sparent plate including a
characterized design. ngjigyy! I §=fi'o®! apparat us12 in des a canera 46
provided with an array of pi xel S5 i | sradwant ageoushy i h the formof a
col or CCD canera, configured to“be{ nsyive t

projected grids. Each of these cangr s}ﬁ?qvi , for exanpl ejfjja resol ution of
1300x1024 pixels. The image agquisijti oh agpayatus! 12 { i n{fjude a
tel ecentric |ens 48, advantag§§u§g%¥nbﬁ$§sg:{Q_ghgﬁgg_-'. via an 20
optional extension tube 50. The c Lg t Nort of the-rr@de qui sition

n

apparatus 12 and the distance betmeég th§;éﬁ qpa?ﬁs he object 30

det ermines the eld of ¥iew of tRe Yimge. acqui_ski Appar gt us 12.
Alternatively, a 25 desiredyfield &R viewtan-Hk achieved wi thout the
extensi on tube 50 by adequég 47“lgjki’“ tzhe i? 46 fromthe object 30.
c -TuQ JRc 2j 15 An inmge sacqui-s+trON4dppar atds 13 aNf ows to sinul t aneously
take a plurality of inmagesof % -hifggd ﬁ?bjéﬁted grids onto the object
30. 51t is to be noted. that, §§n11 i ncl udes an adj ustable support

means (not shown) to positiORyt i mge acqﬁisition apparatus 12 and the grid

proj ecting assenbly 11 rel at Fve to each othey and to the object 30.

Al ternatively, other registration neans can be used w thout departing from
the nature and spirit of the present i nventish. 10 Turning now to Figure 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 detail. The imge acquisition apparatus 12
includes three caneras 46, each in the formof a CCD canera. 20 25 The use of
sem -transparent mrrors and filters 52-56 allow redirection of |ight com ng
fromthe object 30 at an angle 0 to_aonwg~of the three CCD CQﬁE:as 46. The

filters allow discrimnation of t gt hs correspondi to the three

projected grids. Mre particul arl sem -transparen irror 52 is
configured to refl ect E&ijlyéf 7 i nt ended §@to a jlirst canmera 46
and to all ow the remai nder of ﬁge i i t,{lfincl udi ng the
,~)'a iQao0t 16 second and third @y hs. Yhe second elength is
reflected onto a second canera 4d Wyt el sedond} seni - nspgrent. mrror 54
that is chosen so as to IetQ&he qhirﬂ wal e ength t hroglgh i The third mrror
56 then reflects the |ight hawnd-the-tXrd_wavélength lontola third canera
46. 5 Each of the three CCD caneras 46 vqgiageoys#y

su

d\ cludés a filter that
al | ows obtentansgifégg/above-des i bed ¢ t_--Tt
bot h i mage acqui 5t appar at 10 ang-12_+"t he

be noted that, in
, canmeras can

alternatively be replaced by tary Metal - Oxi de-Silicon)
devi ces. Al though, the inmage acqui appar@j uses 12 and 12' have been
described so configured as td&>di natecyondthromatic 15 light, it is
believed to be within the reach ersoM skilled in the art to nodi fy
t hese apparatuses to discrimnatg |ights having predeterm ned bandw dth.
Turning nowto Figure 6, a t hi rR enbodi nent of a system 19 20 for obtaining
phase-shifted i mages will now be described. Since the only differences between
the third and second enbodi nents are in the projecting assenbly, and for
conci si on purposes, only those diff&ences wll be described herein in
further detail. 25 The projecting assenbly 11' includes three grid projecting
apparatus, each conprising a source with a grid 24 and a projector 28 simlar
to the grouping of Figures 3 or 5, with the difference that the light fi Swaoo
it 17 source 34', 34" and 34"' are not sources of white light but emit a |ight
beam having a predeterm ned wavel ength different from one another. Each of the
produced beans of light are directed along a 5 direction of incidence (dashed
lines 42', 42" or 42"') and are redirected along the incidence path 42 using a
reflecting arrangenent that includes mrrors 58 and 62 and sem -transparent
mrrors 60 and 64. Since such an arrangenment of mrrors is believed to be
within the reach of a person skilled in the art, it wll not be described
herein in further detail. 10 To preserve a constant pitch p for each of the
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20 It is to be noted that the m ni mum nunber of phase- shlfted ?ﬁﬁ@pfd
by the system 10 is three, since Equation 1 conprises thr

A, B and M and therefore three intensity values 5 !" /2 and /3 for ch pi xel
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 obtention of

i mges of a projected phase-shifted grid onto an object simlar to inmages

t hat coul d have been successively 1#%obtained by translating the grid 24

bet ween each take. This results in three equations simlar to Equation | for
each pixel of the pixel array of the canera 46: 16 !" =A+B-cos(, (D+4rp,) (2)
where n=1,3. By solving the systemof Equation 2, one obtains the value of
frP. The wavel engths 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 achieved by using a conventional

nureri cal method, for exanple. Numerical 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 aooJf 21 Since the nmethod of Figure 8 requires at |east three
images to measure the relief of an object, providing/ébre than three images
allows to select the threegzest val ues for conputing t/he phase anong the 5
four avail abl e values for ery pixels. Indeeff nost thods for conputing
the relief of an object requires four values aAnd do pot provide the
opportunity to select the bast val ue when fodr inmagés are avail able and one
of these is saturated or noi of Figure 8 is used to

i nspect a series of objects, may be advant ageousl y perforned
only once for the reference obje B Trsp#etion. This allows the
speed of the inspection to be |’ Ricae f the reference object
that woul d have been obt ai ggd” éﬂgnt of the object may al so
be provided. Steps 100 to 104 ar d by replacing the reference object
with the object to be measurdd~(s
performng steps 100 to 104 wit¥X

i ﬁbct;and with the reference object,
and for concision purposes E?ﬁ i 4 |1 not be described again by
referring to the object. er Aho ﬁ conputing the phase of the
obj ect and/or of the referenceH§94 cm\nﬁy5 hterna@@&ely be used w t hout
departing from the spirit of t Pr gﬁr/éﬁhentron These alternative nethods
are believed aDb 22 to be welg-kpeown I art and will therefore not be
described herein in fud/her de 1108, the difference of height:
between the object 30 5 and t[ﬁ?y ce opject is conputed for every pixel,
as obtained in step 104, by su %9 g _he phase of the reference object from
t he phase of the inspected objec It f ho;be noted that the phases conputed
in step 104 for 10 the object and @+ th neference ect correspond to
surface phases relative to an imaginary g egt n ptan. Wien a non-parall el
projection of the grid(s) 24 is done, thLs Yy projection plan becones
slightly curved. This is not detrinental 15 to the nmet hod for neasuring the
relief of an object, according to the present i nvention, since both the
i mages of the object and of the Iéf ase dPECt are taken with the sane
system 10. Since the phases of ] of the reference object 20 at
each pixel correspond to the difference of hei ght between the object (or the
reference object) and the sanme imagi nary projection plane (since the sane
systemwi th the same optical set-up is used), their subtraction yields the
di fference of height between the object and the reference object. This allows
the i mage acquisition of the object and of the reference object to be 25
performed under different illum nation. In the optional step 110, the relief
of the object, i.e. its JU, ':Skob-t 23 5 10 height, is determned for each
pi xel , using the difference of height at every pixel between the object and
the reference object, and knowi ng the dinensions of the reference object. As
wi || now appear obvious to a person of ordinary skills in the art, a nethod
according to an enbodi nent of the present invention can be used to neasure
the difference of height between two objects (one being the reference), In
this case, step 110 is obviously not perforned. In sonme applications, it my
be advantageous to use a plane surface on which the object to neasure will be
| aid on during neasurenent as the reference object. In sone applications, it
may be advant ageous to provide the 15 system 10 with a registration systemto
hel p position the object and the reference object to a known position relative
to the canera(s). Indeed, since a conparison between the object and the
reference object is perforned for each pixel, a registration systemmay ..

—ensure-that corresponding points are conpared. 20 Such registration system




8. A three-dinensional image grabber as recited in clain1 £§8h9
projecting arrangenent includes at |east one of said a nl aa }f
sem -transparent mrror. 9. A three-di nensional inage grabber as r@cited in
claim6, 25 wherein said plate is a grid. C1 -U ao(c) f 27 5 10 10. A

t hree-di nensi onal i mage grabber as recited in claim6, wherein said pattern
proj ecting apparatuses are so p05|t|oned relative to each other as to each
provi de the sane distance from said @espectlve plate to the object. 11. A

t hree-di nensi onal image grabber as recited in claim1l1l, wherein said inmage
acqui sition apparatus includes at |east one canera sensitive to said

pr edet er m ngdchandwi dth. 12. A three-di nensional imge grabber as recited in
claim 11, where{n said inmage acquisition apparatus includes a telecentric

lens. 13. A th 1, wherein
ui sISTMUSLBOWROBSLY IPROJEGEING APaSEASTOTHNEE as,

sai d i mage acq 15 each

sensitive to @gn ai t ngwi d} nensi ona
i mge grabber agfflé%iﬁte I?ﬁﬂf @que@ngegeRrEﬁ;E %ﬂgg:rpr\eq@aﬁﬁgrs | ected from

the group c g;stlng of a Charge Coupled Device (C CD) canera and a
Conpl emrent a & tal - Oxi de-Silicon 20 {CMOS) device. 15. A system for

nmeasuri ng thj ttern

proj ecting agysSMMULTANESUSEN éI!AQ@Nﬂ M’-\NbrIMAa@EI (W EZECHt OFed$iE thr ee

phase-shi ft eq ple[ggEns FeEDh e e Eh Epr@m(t;rpd patterns being
characteri zeq acqui sition

appar at us ser3|¥vzeeé d&'N ggﬂ Hggﬁgg an i mage of
each of said}at |east three ph - BRLf jected patterns o t he object;

each of said rmages 1ncluding a plura[ity of prxel's having intensity val ues;
and a contrdiMe conflgured for a) regeiving fromthe inage acquisition
appar at us saigd s—-onto the

obj ect; b) c~npﬁt|@gnﬁpg Geqqﬂpqaﬁgsﬁﬂéﬁ@qu HX IXgﬁf@g*the qt | east three
A el

ol el of tng ity cREVERIINE' IMAGRS, OEf NSTEY BMLER s et ¢

jhase at the
correspondi ng_pr Xel posrtron. I I6. A pystemas recited tn clarml5, wherein
said patter

rojecting assenbly inclyudes a grid illum nated by an
il lum nati i i en said

grid and daid TﬂﬂG ﬁgﬁj PBYI PHAGHV ecting said
T e R R L s

17. A system as reC|fea In clarm 1Ib, WAErern sard pattern projectron assenbly
i ncl udes en/ﬂ t two pattern projecting apparatuses and a reflecting
arrangenen gured to

proj ect af{l C@MPU&‘IN@Q RORY WWMX@E’ WVI‘)HRF"ERENCEU@F HRBRCHE p; said

reflecting arp gch Elcq‘ pr bj ect ed
patterns gl ong a %ﬁﬁ: %bg %ﬁgem as fecited in
claim 15, mhereln J s at | ephst one

canmera seflsitive to sald pred@ rEWEBYbﬁﬂ dths. 5 19. A system hs recited

Nl

in claim IS5~ WIErerm sar gdConputer ng said
i mges duriftheir process. 20. A systen1as recited in claim15, wherein said
conput er at_least ane of A ce and an

>

output 1 devD gnE I[ uPﬁEOREg b%@ B :[n? fEDA ead- fopl anarity.
et o pltgr e A

obj ect; e) Tarrnmg an uragcr of —gachof—sSard—at teast thnree pnase 20 shifted
patterns on the object .to gather an intensity val ue at pixel positions on
said imge; c) conputing the object phase forfemmﬂ:g#—sa1§7pixel positions
using the at |east three object intensity values for the corresponding pixel;
and 25 d) conputing the relief of the object at each pixel position using
sai d object phase at the correspondi ng pi xel position. 30 23. A nethod as
recited in claim?22, wherein said at |east three inages are taken

si mul taneously. 24. A three-dinensional inmge grabber conprising: 5 a neans
for sinultaneously projecting at |east two phase- shifted patterns onto the
obj ect; each of said projected patterns being characterized by a
predet erm ned bandw dth; and a means for sinultaneously taking an i mage of
each. of said projected patterns on the object; said inmage taking neans being
sensitive 10 to said predeterm ned bandwidths. 1/5 H A : Phase Mdul ati on

Gid Projection xeterence iurtace =-_ x p: Gid Pitch 15,11921 10 3D | MAGE
GRABBER 11 GRID PRQIECTING ASSEMBLY To Canera | MAGE ACQUI SI TION f 1]
APPARATUS -1/ 14 STORI NG DEVI CE COMPUTER QUTPUT DEVICE 18 S,-- _ 2 2/5 3/5

aocq 11 4/5 12 21 36~~ 42" | A °,, ; | 60.44 52~~ 42, 58 443 42 30 x/ _7
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