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(5 /) ABSTRACT

A non-destntctive inspection method for inline inspection of
an object comprises moving an object rn between a radiation
source and an ima e detector and throu h a three-dimen-
sional scanner field of view, imaging the object usin the
image detector to obtain a projection radio raph of an
intcntal stnrcture ol the obtcct, scanning an cxtcnor surface
of the object usutg thc 3D scantu:r, litttng a shape model of
the object to a point cloud prmided by the 3D scanner to
obtain a surface model of the exterior surface, creating a
sohd model of the surface model by talung a grey value
distribution of a reference object into account. simulatittg a
reference radiograph from the soitd model and comparing
thc rcfcrcnce mtd projection radtographs to detect uttemai
dcvtatiotw of thc obtccc
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AUTOMATED QUALITY CONTROL AND
SELE('TION

11EI,D Oii '11111 INVI IN'I'ION

[0001] The invmttion rclaics to thc field of non-destructive
testinu of a product or produce, e 8, by usage of ioniziag
radiation imayng More specifically it relates to a method
and system for in)inc pmduct inspection. e g thr automated
quality control and/or selection, of an object, e.g of a
product or produce„such as a ve etable or a fruit. that is at
ICdsi pin(tally trallSpBri:ilt io Iollizillg Iildiaiioil, C.g. Bli x-rav
uansparcnt Obt ix I Thc invention fiirdier relates to ihc usc of
such method and/or system fi)r quality control anrgor sehx-
tion of a quality object

BACKCIROUND OF THE INVENTION

[0002] Online detection of internal defects in products or
produce. e.. food items, usin X-rays is known in the art for
detecting defects that are easily discernable on radiograpbs.
Pdrtimildrlv; X-Idv lllldglllg has bccolnc a vBIIIablc foul in
many industrial branches io pcrfomi non-dcstructue tests
for ensunng thc quality of a product. Since most maicnals
are translucent to X-rays. Internal defects can be visualized
without cutting open and damaging the product. I'r
example, the use of two-dimensional X-my radiographic
imaging for non-destructively testing of the quality of prod-
ucis and/or deum(tug defects In products Is known ui ihc ari,
c.g. for uiluie Inspection of''ood products m the fhod
industry. Such a simple 2D red iograpluc prot ix) ion. In which
all features on the inside and the outside of the Object are
superimposed into one single image, may provide a fast way
to visualize the intenor of an object inline.
[0003J X-ray systems are conunercially used for foreign
body detection and, yet ntore limited. fi)r the detection of
certain conunon internal defects and unwanted properties in
food systems such as insect presence in fruit, e.. Bs dis-
closed by Haff ct al In "X-ray dc(ac(ion ol defects and
conianunanis in thc I'ood uidustry," Serisiag vad fiasrriiaiea-
Ivrivv /iir I'vvd()iiv/10 vvdgv/eiy: 2(4), pp. 2ti2-273, and by
liana et al in "An adaptive image seginentation algorithnt
fiir X-ray quarantine inspection of selected fruits." ('vivpa(-
err vad E/ec)rvmrs ia dgricv/ivre, 60(2), pp. 190-200 It is
also known in the art to use X-ray ima ing for automatic fish
bone dcicciion. e.g. as disclosed by Mcry et al. in '*Auto-

mated lish bone dctcction usutg X-ray imagmg," dvnrua/ of
Food Engineering, 105(3). pp. 485-492.
[0004J 'I his approach. as knoivn in the art„may however
have several disadvantages For example, density difl'er-
ences need to be large enough for defects and/or unwanted
properties or objects to be visible in projection radio raphs.
This implies that this approach may not be useable in
pilr(ICuldl ilpplliul(IOIIS. Filri)ICIIIIOIC, CIIStoin illgiirlihiilS
may need io bc developed for cvcry type of'efi:ci or
unwanted property that should be detected. 1'his can prove
to be very tinte consuming. certainly when taking into
account that when imaged in different hardw:are setups,
appearance of these defects can differ substantially.
[0005] To detect subtle features. a fufl tluee-dimensioiml
CT rixonstruction of thc obrect may bc nccdixl, since
particular inieriml defimm cannot bc discerned on projection
images captured I'rom a single point of vicv,. Or evmi by
simultaneously evaluatmg a plurality of images correspond-
ing to a plurality of contplementary pn8)ection views, e g.

images corresponding to two or more projection views alon
mutually orthogonal pro)ccuon axes. For cxamplc, ui ihe
fiiod utdustry, some dcfccss, such as browning disorders in
fruit, inherently show loiv contrast ivith respect to their
surmundings and cmt be very small
[(fl)06J Classical ('T imaging methods imply that projec-
tions are taken from ninny anguLar positions around the
sample. either by rotating the source-detector pair, e.g. in an
arrangmnent conunonly usix) for medical sctuutcrs, or by
rotating thc object sample wiulc imagutg Ihc object, as may
bc known fiir industndl setups. Tlus approach may have
several implications when applied in online iilspection sys-
tem for inspecting an object conveyed by an in)inc transport
system. For example. rotating the source-detector pair
around a conveyor belt is impractical because of the hIJI
spccds that would bc required io mauttain an acceptable
tluuughput spcixl of'he conveyor belt. A high speed mtaiuig
gantry would rcquirc very cxpcnsivc hardware, cause nuis-
sive forces, imply additional safety constraints and make the
hardware large and bulky. Iiurtherntore. rotating the object
sample over a large enough angular range for CT inm htg,
while moving on a conveyor belt„may also be iuidesirable
bimdusc thc rotation would also require a lugh sperM and
prccisc control, wluch is practically difficult to aclueve.
Evmt if ihcsc problems could be circumvented, an ima c
pmcessing algoritlun may need to be developed for every
type of defect Or unwanted property that should be detected

[0007J Due to cost, time and hardware constraints a full
3D tomographic reconstniction is therefore difficult to
achieve, or even infeasible, in an in-line application, e.g, in
an inlinc sorting system for sorting x-ray transparent objects
that arc moving in dn objcci strimn, c.g. producm or pro-
duce, such as a vegetable or a fruit. moving on a conveyor
belt or similar conveyin system. Moreover, the complexity
of 31) (71'maging techniques as knoivn in the art can have
the disadvanta es of being costly and complex and may
substantially compromise the desired production line
tluoughput when providing a suflicmni unage quahty to
iuwure an acccptablc defi:ci detectability. For cxmnplc, thc
trade-off beuveen a high acquisition speed and a high
contrast and resolution image, may be one of the main
reasons why 3D X-Ray ('1 has not yet touched ground as an
inspection tool in food industry. In other industrial branches,
it may hovvever be known to use CT in-line or at-line, for
exillllp)C dS d BIC(tology'001, for i:sample USillg lllgll
tluuughput batch dc)0 cry systems or a continuous tluou h-
pui coiivc)'oi bch svsicni i isllig B hclliull scBilillllg Bpploiich.
Nevertheless, such approaches remain quite costly and com-
plex.
[0008] Attempts have been made to circumvent the prob-
lems mentioned above. For example, Rapiscan Systems
developed an online CT-scanner for bag age inspection by
combining a large number of source-detector pairs uito onc
setup, c g. thc Rapiscan RTTru 110 of Rapiscmi Systems.
'I'orrance, (.'a)if 90503 USA 'I his functioning yet expensive
solution inay reach speeds of 1500-1800 bags per hour,
corresponding to a tluoughput speed of about 0 5 m's. which
may not be fast enough for a higvh volume. Iow value
application such as the food industry.
[0009] In '*Auiomatcd knot detixuon for high speed com-
puted tomography on Piavs si/ves/ris L. and Picev abies
(L ) Karst. using clhpsc fiiiuig in conccninc surfaces,"
('omputers and Iilectronics in Agriculture, 96 (2013), pp
238-245, by .Iohansson et al . a method was disckised that
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combines three-dimensional scanning and X-ray mdio-
graplis. Hov'cvcr, a dlsadvalltdgc ol tilts lllctllod 1s tllBt tile
data processing proposed ui tlus pnor art article is lumtcd to
the estimation of heartwood diameter and density in logs
[0010J Another approach is to use the translation of an
object on the conveyor belt to get projections in a limited
angular range. Hov ever. a three-dimensional reconstrucrion
from projection data in a limited an. ular mnge is not
straightlorward aud may uitroducc large image artcfacts.
Rcscarch uito this subtcct has been reported, e.g. by Iovca ct
al. in "Pure 'I'ranslational I'omography a Non-Rotational
Approach for 'I'omographic Reconstruction." Proceedings of
the 9"'umpean Conference on NDT ECNDT. Tu.1.4 1.

RHMMARY Oli '11111 INB/I'.N'I'ION

[0011J It is an object of embodiments of the presellt
invention to provide good and efiicient means and methods
for inspection, classification and/or sorting of a moving
object, e.g. a product or produce article moviitg along a
prt:ilt:tCrllilllt:4 pdtll 111 a prodUCtioll, ploCCSSlllg Ol pBCka illg
I 1lie.
[tlt)12] 1 he above objective is accomplished by a metlxid
and device according to the present invention
[0013] It is an advantage of embodiments of the present
invention that a quality object can be controlled and/or
selected based on a model-based classification of inrerrml
dei'cess or delicicucies of this object.
[0014] It is au advantage of cmbodunents of thc present
invention that a quality of an object can be classitied, e g. the
quality of pniducts or produce. by combining 3D-scanning
and X-ray mdiogmphs.
[0015] It is an advantage of embodiments of the present
invention that a method or system in accordance v.ith
mubodimcnts of the present uivcntion can bc applied to
identify;momalics in a wide vauety of objects, by applying
a shape model of the obtect of interest as prior knov ledge.
[0016] It is a fiirther advantage of embodiments of the
present invention that it is not required to develop cusrom
dlgouthms specilically adapted Rir each type of dclbc! to bc
dcu cied.
[0017] It is an advantage of embodiments of the present
invention that the amount 01 information that needs to be
collected from an object. e.v. Scmuiing and/or imaging tksta,
can bc relatively low, e.g when compared to puor-art
methods of sinular pcrlbnuaucc ui detcctuig defi:cts, duc to
die incorporation of extensive prior knotvledge about die
Objects under investigation in accordance with embodinients
ofthe present invention. e g. prior knowledge represemed by
a shape nu&del and an average grey-value distribution.
[0010] It is au advantage of cmboduncnts oi'hc presmit
invention that a siniple inspection and/or sorting system can
be impleniented using simple and cheap hardware, e g.
relatively simple and cheap when compared to prior-art
systems bavin similar perfomiance. Furthermore. such
iiilplcitiCIlttltli111 iiiav riot rCqUllc Bllv iiit1vlllg pBrtS Of tllC

imaging mid/or dctcctiou hardware, thus reducmg costs
compared to a full CT scdiuier.
[0019] It is an advantage of embodiments of the present
invention that no tomographic reconstrucrion may be
rcxtutrcd. suicc classilicdtion can advantageously bc per-
formed by companng two 2D images. It is a I'urthcr advan-
tage of embodiments of thc present invenuon that a high
throughput speed can be achieved. e g. due to the relatively
simple processing requirements It is a yet further advantage

that inline applications, such as automated quality control
and/or scliction ol'oblccts whici are uiline transported in a

conveying system, arc feasible due to the lugh tluoughput
speeds achievable
[0020] It is an advaniagc of embodiments ol'hc prcscnt
iuvmition that multiple defects in au obtcct nccd not bc
identified one by one, since such defects are detected siinul-
taneously as a large deviation from a reference object.
[0021] Embodiments of thc present inventiou may com-
bine a model based classihcation. 3D-scanning and radio-
graphic imaging for detecting internal defects disceuiible on
radiographs and for advantageously detectin more subtle
features by using a situulated mdiogmph of a full three-
duucnsional rioonstruciion image of B rcli:rance obtcct.
[0022] In a first aspect, embodiments of the present inven-
tion relate to a non-destructive inspection method for inline
inspection ol an obicct. the non-destructive inspection
method comprises movuig. using au uiline transpon system,
an object that is at least partially transparent to radiation of
a predetermined mdiation quality, e g an at least partially
x-ray transparent object, alon a predeternimed path in
between a radiation source for emitting radiation of the
predeteunined radiation quality. e.g. an ionizing radiation
source, and an image dctcctor mid tlu ough a iield ol'iew of
d tllreC-dllllCllSiollal SCdllllci; TliC Illctllod filrtllcr ColllpllsCS
iniaging the object usin the ima e detector by detecting the
mdiation emitted by the radiation source and transmitted
through the object to obtain a projection radiograph of an
internal structure of the object The method further com-
prises scanning an exterior surface of the obiect using the
tluec-dimensional scmmcr to obtain tlucc-dimensional scan-
ning data of thc oblcct in the I'onn ol' pouit cloud
representative of at least part of the exterior surface The
method further comprises fitting. using a processor, a shape
nxidel of the object to the point cloud to obtain a surface
model of the exterior surface. The method also comprises
creating, using the processor, a solid model of the surface
model by taking B grey Value distnbution of a reft:rance
oblcct uito account. Thc method further compuscs sunulat-
ing, using the processor, a reference radiograph from the
sohd model, and comparina. usiim the processor, the refer-
ence radiograph with the projection radiograph to detect
and/or measure iiuemal deviations of the obi act with respect
to the reference object. The step of creating the solid model
dlld/or tlic step of slmUldtllig tlic It:Ibi'clice rBdiogtBpll tdkcs
a predetermined relative spatial coniigurdtiou of thc uuagc
dctiotor, thc radiation source and thc tlucc-dimensional
scanner into account
[IN)23] In a method in accordance with enibodiments of
the present invention, the scanning of the exterior surface
may comprise generating a partial point cloud of the ob[ect,
wherein the fittin comprises estimating the complete exte-
nor surface and posiuon of the obtect by lining the shape
model, whcrcin thc crcatuig of thc solid model comprises
filling m a volume defined by the surface niodel with the
grey value distribution, the volunie corresponding to the
space coordinates of the object tthen imaged by the image
detector. and wherein the simulating of the reference radio-
gmph comprises simuLating an ima in process of the solid
model by Ibrward prolccuon using the prcdctcrmincd spaual
coniiguration of thc image detector Bnd radiauon source in
the space coordinates
[IN)24J In a method according to enibodiments of the
present invention, the shape model and the grey value
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distribution may be created by acquiring CT scans of a
pluraliiy of refi:rcucc oh)eel aim&plea ofiiluic and dclcrnun-
ing the sliapc model and thc grey value distnbulion from the
('T scans io be used as puor knowledge during, the steps of
fitting ihe shape model and creating the solid model in
&tmtin&e.

[0025] In a method accorduig to embodmicnts of the
prCSC&1& II&VCI&&10&1, ih:tCmli&ll&lg ll&C Sllape Il&odei 11&BV CU&11-

prise extractu&g a plurality of exterior surfaces, correspond-
ing to the piunslity of reference object samples, from the(71'cans

using image processmg tecluiiques, detem&inin a
plurality of corresponding spatial features in the piumlity of
exterior surfaces, determining a mean position Bnd/or a
1 iirla&10&1 111 poS&&10&1 01 CBC11 Ol &lie pliiralitV 01 C&111CSpolld-

ing spatial features, and detcnnining thc slmpe model taking
the mean posit&0&&s into account I he shape model may have
free parameters tliat can be fitted to account tiir position of
the object. orientation of the object and/or modes of varia-
tion of the object representative of the variations in position
of the plurality of corresponding spatial features.
[tlt)26] In a method according to embodiments of the
present inve&&tion. the shape model may comprise a li&&ear

model that parametnzes a shape of the object as 0 linear
combination of a mean shape and a plurality of modes of
V'i&1B&1011.

[tlt)27] In a method according to embodiments of the
present invention. the grey value distribution may be deter-
mined as a nounalized reference volume image from the
plurality of CT scans.
[0028] In a method accorihng io cmbodnnenls of thc
present invention, determining the grey value distribution
may further comprise applymg a surface normalization
scheme to derive the normalized reference volume inm e of
a population of objects represented by the object samples
indcpcndent of thc simpc of any indiv&dual ob)cct.
[tlt)29] In a method according to embodiments of the
present invention, determining the grey value distribution
may comprise applyin a normalized spherical sampling
scheme to obtain the nomiaiized reference volume unage
and creating thc sol&d model may compusc applying a
reversed nounal&zcd splmucal admpiing schmnc to Iit the
&10&11&alizCd rCfb&CI&CC VOIU&1&C II&liige iii li&C Sii&IBCC &1&odCI.

[0030] In a method according to embodiments of the
present invention. the moving of the object may comprise
moi &ng thc object &nlinc on a conveyor belt.
[tlt)31] In a method according to embodiments of the
present invention, nioving the object may inove the object at
a speed in the range of conveyer belt speeds of commerc&al
installations. e.g. in the range of 0.1 m/s to 0.7 0&/s.

[tlt)32] In a method according to embodiments of the
present invention, during the movino of the Object along the
predeterniined path. the object may first pass thniugh the
three-diniensional scanner. and then. consequently, may pass
through the field of view of the image detector.
[0033] In a method according to embodiments of the
present invention. the object may be moved iniine tiuou h
a radiation held of each of a plurality of radiographic
Imagi&&g sy's)C&1&S, i Bch Co&lip&lSI&lg B radidti&111 S&IUICC. C.g B&1

ionizing radiat&ou source, and an image dcteclor. and
through a scanning stage of at least one three-dimensional
scanner.
[0034] In a method accorduig to embodmicnts of the
present invention, the radiation source, e.u the ionizinu
radiation source. and the image detector may be statically

arran ed with respect to the inline tmnsport system, e.g.
1&&CCha&1&CI&llv'ISCd With IespCC& to llle II&li&&c &Id&lspolt SVS-

tC&11

[0035] In a method according to embodiments of the
present invention, the radiation source, e.g. the ionizin
radiation source, and the in&age detector mat be fixed above
a conveyor belt on winch the object &s transpoitcd.
[t)U36J In a second aspect, embodiments of the present
invention relate to a non-destu&ctive inspection system for
inline inspection of an object. The non-destn&ctive inspec-
t&on system compnscs a rad&al&on source for emit&&ng rad&a-

t&on of a prcdcternnnixl radiation qual&ty, c.g. an io&uzuig
radiation source, and an unage dclcctor. The rad&at&on source
and the inmge detector foun a radiographic imaging system
for detecting nsdiation emitted by the radiation source and
transmitted through an object that is at least part&ally trans-
parent to radiation of the predetermined radiation quality,
e . an at least partially x-ray transparent oblect. to provide
a projection rad&ograph of an uitemal structure of thc oblcct.
Thc system further comprises a &brim-dunm&sioual scanner
for scanning an exterior surface of the object to obtain
three-dimensional scanninu dais Of the object in the form of
a point cloud representative of at least part of the exterior
surface. The system also coniprises an inline transport
system for moving the object along a predetenn&ned path in
bclwimn the radia&1011 SOIIICC. C.g li&C 10&uzi&lg rddlal&011

source. and thc image dc&actor, mid through a field of vmw
of the three-dimensional scanner.
[0037] Thc system also comprises a processor adapted for.
obtaining lhc projection radiograph from thc &mage detector.
obtaining the point cloud from the three-dimensional scan-
ner; httmg a shape model of the object to the point cloud to
obtain B surface model of the exterior surface; creating a
sohd model of the surface model by taking a yey value
d&slribution of a rcfcrencc obtcct into account, sunulaung a
refe&CI&CC I'iidiog&ilpll fro&11 thC Siiild &110001, BI&d Coll&pan&lg

the refcrcncc radiograph with the projection radiograph to
detect and/or measure intenial deviations of the object ivith
respect to the reference object 'I'he processor is further
adapted for creating the solid niodel and/or simulating the
reference radiograph by taking a predetermined relative
Spdliiil Co&11&giiraliou Of tl&C Iiililge dc&CC&or, &lie IBdid&1011

Soi&ICC ii&ld tl&C th&00-ill&1&CI&SIO&lai Scd&1&&CI II&to dCCOUI&l.

[0038] In a system in accordance with embodiments of the
prcscul invention, thc rddmtion source, c.g. &hc io&uzuig
radiation source, may bc a stat&onary rad&at&on smirce and
the &mage deum&or may bc a stat&ouury nuage detector.
[0039] /k system in accordance w&th cmboduuenls of thc
prCSC&ll II&VC&111011 &1&BV fiirll&01 CO&l&prise B plU&Billy Ol Sia-

tionary radiation sources, e.u a plurahty of stationary ion-
izing radiation sources, and stationary image detectors,
founing a plunslity of radiographic imaging systems.
[IN)40J In a system in accordance with embodunents of the
present mvention. the three-dimensional sca&1&&er niay com-
prise a stationary light or laser source and a stationary light
detector.
[t)U4 IJ In a system in accordance with emlxidiments of the
present invention, the radiation source may comprise an
ionizing radiation source adapted for providin an x-ray
exposure pulse to lhc object, and thc &mage detector may
comprise a digital unagc detector adupted I'or providuig
unagc data ol thc oh)eel correspondu&g to thc x-ray exposure
pulse as mi input to the processor The three-dimensional
scanner may be adapted tiir providing light ray exposure to
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the object and may comprise a digital detector for providing
data rcld(ing to thc obtcct obtmned by flic light ray exposure
as mi uiput (o thc processor.
[0042] In a further aspect, thc prcscnt invention may also
rclatc to the usc ol' method accorduig (0 embodimmits of
Ihc lnsx ((spec( of thc prcscnt invention fttr ldcntilviiig
anomalous Objects transported on an transport line in an
industrial process
[0043] Par(icular and prcfc(rivi aspec(s of the mvenuon are
set out in the accompanying independent and dependent
clainis I'eatures from the dependent claims may be con(-
bined vvith features of the independent claims and v.ith
features of other dependent claims as appropriate and not
ntcrcl)'is cxplici(l)'ct oif( in thc cldinls.
[0044] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ment(si descnbed lmrmnafter.

l3RII.I')IIS('RIP('ION Ol'I III l)RAV1)N(iS

[0045] FIG. 2 illustrates an exemplary method ui accor-
dance with emboduuen(s of 1hc prcscnt uiven(ion.
[0046] FIG. 2 illusiratcs a mc(hod m accordance with
mubodimcnts ol'he present invenuon.
[0047] FIG. 3 illustmtes an exemplary system in accor-
dance with emboduuen(s of 1hc prcscnt uiven(ion.
[0048] FIG. 4 illustmtes a surface normalization approach
using sphcncal sampluig 1ha( rclatcs (o embodmicn1s Of thc
prcscnt im cation.
[0049] FIG. 5 shows an example of basic image process-
ing tixlmiques (lrdt can be applied in a calibre(ion s(ep of a
mc(hod in accordance with cmbodunen(s of 1hc prcsen(
invention.
[0050] FIG. 6 shoe s a pariunc(cnzed shape in accordance
SV ith a shape model (hat cdn be Bpphcxl ui embodimmits of
the present invention
[0051] FIG. 7 illustrates a run(imc pmccss ui an cxtunple
rela(ing (o cmboihmcnts ol'hc prcsem mvcntion.
[0052] FIG. 8 further illustraics the process flow Of smd
example. relating (o mnbodimcn(s of (hc presen( inven(ion.
[0053] FIG. 9 illustrates exemplary shape defect combi-
nat(ous relating to an cxmnplc for demons(ra1uig mnbudi-
ntcnts tii (hl: prcscn( (i(veil(ion.

[0054] The drawings are only schematic and are non-
linnung. In (hc drmvings, (he size ol some ol (hc elmncn(s
may be cxaggcra(ed and 001 drawn On scale lor illus(ra1ivc
p(ifposes
[0055] Any rcfi:rcnce signs in (he clmms shall not be
txinstrued as 1(nnung the scope.
[0056] In tlu: ddli:rent drawuigs. thc same reft:rcncc signs
rcfcr to the same or analogous clemcn(s.

I)I:1AII,I:I) Dl:S('RIP'I'ION Ol'l I,(IS'I'RA'I IVI(
I:MI)OI)IMIIN'IS

[0057] 1 he present mvention will be described v ith
respect to particular enibodiments and with reference to
certain drawings but the invention is not limited thereto but
only by the claims. The drawings described are only sche-
ma(ic and arc non-1 im it uig. In (hc dra0 ings. (hc size of some
ol'hc elcmen(s may bc cxaggcm(ed imd not drav, n on scale
lor illus(ra(ive purposes. Thc ihmcnsions and tlm relative
dimensions do not correspond to actual reductions to prac-
tice of the invention

[0058] Fur(hem(ore, the terms hrst, second and the like in
thc dcsc(1p(ion (iud 111 Ihc cldinis, tire us(xi fol dis((ago(shing
bc(ween similar clemcn(s dnd not ncccssanly for describuig
a sequence, either temporafly. spatially, in nanking or in any
other manner. It is to be understood that the tern(a so used
are interchangeable under appropriate circumstances and
that the embodiments of the invention described herein are
capable of operation in other sequences than described or
illus(ra (cd hcrcin.
[0059] Moreover, the terms top. under and the like in the
dcscrip(ion and the clauns dre used Rir dcscnptivc purposes
and not accessarily for describing relative posiuons. It is (o
bc understood tltat (hc (arms so used are in(erchangcable
under appropriate circumstances and tltat the embodiments
of the mvention described herein are capable of operation in
other orientations than described or illustmted herein.
[t)060J It is to be noticed that the term "con)prising". used
in the claims, should not be interpreted as heing restricted to
the means listed thereafler; it does not exclude other ele-
ments or steps. It is thus to be interpreted as specifying the
prcscnce Of thc s(a(ed li:d(urea. (ntcgcrs, s(cps or componen1s
as rcfcrrcd (o, bu( docs no(preclude 1hc prcscncc or addi(ion
Of onc Or morc o(her fcaturcs, intcgcrs, s(cps or componcn(s,
or groups thereof 'I'lms. the scope of the expression "a

device comprising nieans A and B" should not be limited to
devices consistin only of coniponents A and B. It means
that with respect to the present invention„ the only relevant
components ol the device are A mid B.

[0061] Reference throughout this specihcation to "one
embodiment" or "an embodiment" means that a particular
fha1urc. stum(urc or charac(enatic dcscrtbcxt in coiuicc(ion
with thc cmbodimcnt is uicluded in at less( onc cmboduuen(
of the present invention 'I'huv, appearances of the piuases
"in one embodiment" or "in an embodiment" m various
places throughout this specification are not necessarily all
refernng to the same embodiment, but may Furthermore,
the particular features. stnictures or characteristics may be
combined in any suitable mtutner, as would be apparent to
onc of ordinary atoll in (hc ar( from (lus disclosure, in onc
or more embodiments
[0062] Sinularly it should be apprcciatcd tha( in (he
description of cxcnlpkliy cn(bod)(ucn(s ol (hc invent(cut,
various teatures of the inventioii are sonietnues grouped
together in a single embodiment, hgure. or description
thereof for the purpose of stremnlining the disclosure and
aiding in the understanding of one or more of the various
inventive aspects. This method ofdisclosure. however. is not
to bc in(crpre1cd as rcflecting an in(cntion 1hal (hc cia(n(cxl
invention (equi(ca niort: fca((iles (hBB Brc cxpu:ssl)'ce((ix!
in each claim Rather, as the following claims reflect,
inventive aspects lie in less than all features of a single
foregomg disclosed embodiment 'I'hus, the clainis follow-
in the detailed description are hereby expressly incorpo-
rated into this detailed description, v, ith each claim standin
On im own Bs (I sepal'ii(c cinbodinu:ilt ol this iltvcn1(on.

[0063] Furthermore, while some embodiments described
herein include some but not other features included in other
mubodunents, comb(Bat(ous of features of ddlbrcnt cmbodi-
mcnts arc meant to bc wit)un the scope of thc invention, and
foun different embodiments, as would be understood by
those in the Btt For example, in the follotving clam(a. any of
the claimed embodiments can be used in any combination.
[IN)64J In the description provided herein, munerous spe-
cific details are set fonh Ilowever. (t is understood that
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embodiments of the invention may be practiced without
thcsc spec&lic dctmls. In other inslanccs, well-known melh-
ods. suucturcs and tccluuques have not bccn shown ul detail
in order not to obscure an understanding of this description.
[0065] Wlicrc &0 embodiments ol'he present invmltion
Icfi:rcncc is Blade to grcv value . 0:li:&ence is n&Bdc 10 &I

digital pixel or voxel value Par(icularly, it may refer to a
scalar location-dependent value defined over a pixel or voxel
coordinate system. The rey value of a pixel may be
indicative of an amount of radiation received by a corre-
spondulg image detector, e.g. being proport&onal to, or
having a monotonous funcnonal re)anon lo, an ullmls&ty or
magrutudc of rad&at&on. For cxmuple, in volumclnc unages,
the voxel grey value may be proportional to a local measure
of attenuation of the radiation quality used for imaging by
the inaterial present at the voxel location. For example. for
X-ray in&aging, tlfis voxel rey value may be proportional to
the linear attenuation coefficient corresponding to the attenu-
ation of this Xinsy rad&ation in the voxcl volume For
example. thc voxcl grey value may bc nonnahzed to
I iounsheld units.
[0066] In a lirst aspect, Ihc present ulvm11&on re)a(ca 10 a
non-dcstnict&vc &nspccuon method lbr ullule uwpcction of
an object Ibis non-desto&ctive inspection &nethod conlprises
nlovin, using an in)inc transport system. an object that &s at
least partially tmlnsparent to radiation of a predetenn&ned
quality, e.g an x-ray transparent object. alon a predeter-
mined palh in bctwccn a rad&anon source lor emiltm thc
Iud&a&100 of this prcdctcrnuncx! quahlv, c.g. &Bl Ionlzulg
radiation source. and Bn &mage detector, lor ex&unple a
s(ationary radiation source and a stationary image detector,
and throuah a field of view of a three-dimensional scanner.
The met)Bid further comprises imaging the object using the
image detector by detecting radiation emitted by the radia-
non source and transm&tted tluou h the ob)cct to obtain a

pro)ccnon rad&o~aph ol m»ntcrnal slruclure of thc object.
Thc method also compnses scmuling an extcnor surface of
the object using the three-dunensional scanner to obtain
three-dimensional scann&ng data of the object in the form of
a point cloud representative of at least part of the exterior
surface.
[0067] 1 he nlethod further comprises fitting. using a pro-
cessor. a shape model of the object to the point cloud to
obtain a surface model of the exterior surface. Bnd crea&in,
using the processor, a so)Bi model of the surface model by
takmg a grey value d&stnbunon of a ref&:ranee object, O.g a
rel'crcncc object w&thout dclbcts, ulto account. Thc method
also conlprises s&mulat&ng, usmg the processor, a reference
radiograph from the solid model and comparing, using the
processor. the reference radiograph with the projection
radiograph to detect and/or measure internal deviations, e g.
dcfccts, of thc ob)cct with resp&mt to thc reference object.
[0060] The step of creating thc so)Bi model &md/or die step
of sunu la 1 ulg the rcfcrencc

red &o

graph takes a prede(crmuled
re)ative spa(ial configurat&on of the image detector. the
radia(ion source and the three-diinensional scanner ulto
account. e.g. such as to genemlte the reference radio raph in
a coordinate system commensurate with the coordinate
system of the projection mldiograph obtained by imaging the
ob)cci.

[0069] Embodunciits ol'hc present invent&on may relate
to a method, and re)a(cd system. using radiograpluc sunu-
lation, which may Involve using ionizing radiation to detect
a radioaraph image for the inspection of internal defects in

an object. in v,luch additional features may be detected. e.g.
more subtle features. in the ob)ect by comparing the
acqu&red radiograph image with a simulated radiograph
based On a full tlucc-dunensional reconstruction &mage of a

reference object, fitted to the geometrical constmlints of a
shape of the ob)cct detccu:d by a tlu ix-dunm&~ Iona) scanner.

[0070] A method in accordance with embodiments of the
present Invent&on may combulc a (luce-dunens&one 1 scanner,
e g. comprising a laser line arran ement and/or multiple
RGB cameras, with projection unag&ng. c.g. opt&cal projec-
tion miaging of an object that is fat least part&ally) optically
transparent or X-ray radiography of an oblect that is (at least
partially) tnlnsparent to X-rays Refernng to I'l(i 2, the
v ork&n principles of a method in accordance v ith embodi-
nlcnts dlc schcnulticallv I)his(la(Oil. In Bccoulancc with
embodiments. a 3D scanner may pmduce a partial point
cloud 31 by sciuuung a physical ob)imt 37. Tlm partial poult
cloud 31 may then be used to estunate the complete outer
surface 32 of the obicct by Iinulg a shape model, e.g. a

statistical shape model This surface model. e g the 'holloiv*
model of the ob)cct, may then bc lillcd w&th a rcfcrcnce
density distribution, e g a grey value d&stnbution represen-
tative of an average object without defects. to produce a full
volume 33 from wluch a radiography 34 may bc simulated
35, c.g using fomard pro)ection. Tlus simulated mdiogca-
phy 34 may then be compared with a measu&ed radiography
36, e.g a measured radioaraphy 36 obtained by projection
in&aging 40 of the physical object 37 using an X-ray system
Because the simulated radiography represents a perfect
object vvithout defects. observed difi'erences 41 can be
contnbutcd (o Internal dcfccts.

[0071] Ref&:rung to FIG. E ml cxcmplary non-destrucuvc
inspection method IU for in)inc inspection of an object in
accordance with enlbodinlents of the present invention is
shown. For example. such method 1 0 may be a method for
automatic real-time non-destructive inspection control, e.g.
for detecting dame e or a defect, of an object. e.g. a product
Or produce Item, such as a 1 cgctablc or a lyu&t. Thc method
may be adap(cd for non-dcstnict&vc tcstu&g of a product or
pmduce, eg by usage of ionizin radiation imaging The
method may be adapted for in)inc product inspection, e g,

for automated quality control and/or selection. of an object,
e . of a product or produce. such as a vegetable or a fn&it,

that &s at least partially transparent to &on&zing mldiation, e..
an x-ray transparent object. However, embodiments of thc
plcscnl ulvcn(100 Bie not ncccssanl)'hultcd there(0. C.g. &I

method according to embodiments of the present invention
may equally relate to the in)inc product inspection of an
optically transparent object. e.g. a glass or tmlnsparent poly-
mer object. Furthermore, the skilled person will understand
that embodiments of the present invent&on may equally
relate to other radiauon quahtms. such as clcctron bcmns,
inl'rarcd rad&ation, uluav&olct radiation, hadron radiat&on, or
Bcoust&c vllvcs.

[UU721 ibis non-desto&c(ive inspection method 10 com-
prises moving 11 an object that is at least partially trans-
parent to a predetermined radiation quality. e.g, an at least
part&ally x-ray trmlsparmlt object, along a predetcrnuned
path in bc(ween a r&nliation source, c g. Ior mn&(ting rad&at&on

having said radiauon qual&ty, and an unagc detector and
through a field of vieiv of a three-dinlensional scanner The
field of viev; of the three-dimensional scanner refers to a
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spatial volume in v hich the scanner can operate. when an
obfcct Is positioned ln tlus spatml volume. Io acquirc scan-
lung data ol'his obicct.
[00'73] Parlicularly, thc obiect nmy be moved along tlus
prcdciernuncd path by an inlulc transport system, e.g. on a

corn cyor belt. In accordance with cmbodimenm of thc
present invention, moviilg ll the object may comprise
moving the object inhne on a conveyor belt. In accordailce
with embodunents of the present invention. moving 11 of the
object may comprise moving the object at a speed in the
range of 0.1 m/s to 0.7 nffs, c.g. on a convevor belt.
[0074] The radiation source and image detector may foml
a projection imaging system. e.. a iadiofzraphy projection
imaging system, c.g. an X-my protection unagulg system.
Thc radiation source may for cxamplc compusc a Rimtgen
tube. a source of ganuna radmuon or a lulear particle
accelerator for genenlting X-ray radiation from a suitable
tar et

[0075J 'I he ionizing radiation source and the image detec-
tor may be statically arranged with respect to the utfine
transport system lior example. the radiation source and the
image detector may comprise a stationary radiation source
and a stationary ima e detector. The ionizing, radiation
source mid thc unagc dctcctor may for example be fixed
dboi c d conveyor belt whcrcon thc obiecl is lrmlsported.
[0076] The radiation source and the image detector may
Iorul d Iadlographlc lulBglng svsicul. In accordance wllh
cmbodimcnts ol'hc present ulvcntion. the Obicct may be
nloved ii inline through a radiation field of each of a
plurality of radiograpluc imaging systeins, each comprisiag
an ionizing radiation source and an ima e detector, and
tluough a scatuung sta e of at least one three-dimensional
scanner. For example. the method may comprise combining
thc poult cloilds charaiucllzulg thc cxtcllor sUlihcc ol thc
oblccx obtained by muluplc three-dimensional sv. Bulers at
different locations along a transport line such as to improve
a nlodel fit of the shape model to the aggregated and/or
filtered point cloud data. For example, the method may
comprise imaging the object along different projection
angles by nufitiple mdiographic imaging system~. and per-
fornung the a/cps ol'imulating 16 a reli:rance radiograph
and comparulg 17 thc rcfi:rcncc radiograph I'or each of the
pmjection radiographs obtained for the different projection
angles. 'I hus. a subtle defect that might be obscured in a hrst
pmjection radiograph could be detected in another projec-
tion mdiogmph,
[tlt)77] qhe method l(l further coinprises imaging 12 the
object usin the ima e detector by detectin radiation emit-
ted by the radiation source. This mdiation is huthemlore
transmitted through the obiect when propagating from the
soilrcc to thc ih:tee/or. O.g. Bilch Bs 10 cucodc ulterudl
information regarding Ihc obrect in spatial vena/iona of the
intensity of the radiation field over the detection surface of
the detector. I'lnis, a projection radiograph is obtained of an
internal stnicture of the object.
[tlt)78] qhe method l(l further coinprises scanning 13 an
exterior surface of the object using a three-dimensional
scanner to obtain three-dimensional scannin data of the
object in the form of a point cloud representative of at least
part of thc cxtenor surface. For example, such /luce-dimcn-
sloudl scduucr nulv conlpllsc B laser lhlc scBuucl or UIUltlplc
RGB cmncras. Such 3D scdnncr may bc a device adapted for
analyzing a physical object to collect data on its shape, such
as to collect data that can be used to constnict a partial or

complete digital three-dimensional model of the object. The
tluec-dimensional scanner mdy bc an opucdl 3D scanner.
The 3D scantier ulay coulprisc a lion-contact active scilnilcr,
e g. usmg light or ultrasound enlissions Iior example, the 3I)
scanner may comprise a time-of-fiight 3D laser scanner, a
tnangulation-based 3D laser scanner or a conoscopic holo-
gmphic laser scanner. The 3D scmmer may comprise a
stnictured light 3D scanner or a modulated liJtt 3D scmmer.
Thc 3D scanner may also compnsc a non-contact passive 3D
si saner. sUch 'Is d stclixlscoplc optical nudging svstcnl,
photonletric imaging system. or a silhouette imaging sys-
tem

[0079] In a method ul accordance with embodiments of
the prcscnt ulvenuon. durulg the movemcnt 11 ol'he obicct
alono the predetermined path. the object may first pass
through the three-dimensional scanner. A processed point
cloud may be produced by the three-dimensional scanner
when the object passes the scanner. This point cloud may be
incomplete. e.g. due to scan artefacts at an underside of the
obicct where it is supportixi by B conveyor belt. Such
incompletcncss may bc remoi ed by estimating thc complete
outer shape of the object via a shape model. e g a statistical
shape model. as described fiirther hereinbelow. The object
may then. consequently. pass tluouJvt the field of view of the
image detector where it is imaged 12.

[INI80J 'lliis scannin 13 of the exterior surface may com-
prise generating a partial point cloud of the obfect. e o a
partial point cloud representative of at least one exterior
surface se ment of the object that is positioned and oriented
in a direct line of sight of the tluee-dunensional scanner. For
cxiunplc, thc three-dimensional scmincr may bc adapted Ibr
gcncrating a three-duucustonaf point cloud ol'oults on thc
exterior surface of the object Iior exanlple, the three-
dimensional scanner may conlprise a laser line and an R(IB
cmnem svstem.

[0081] The method 10 fuithcr comprises Iitung 14 a shape
nxidel of the object to the point cloud, using a processor. to
obtain a surface model of the exterior surface Iior example,
this fitting may comprise estimatin a complete exterior
surface and position. e.. a position and orientation, of the
obicct by lifting thc shape model to thc poult clmid, c.g. to
thc partial point clouib By Iittulg the shape model, a com-
plete surface, c.g. d hollois sliapc dcscnptor. may bc
obtained Ibis fitting may comprise detenninmg a plurality
of panlmeters of the sliape model. e g. detennimng a linear
combination of components, a translation vector, a rotation
vector and/or an affine transfi&rmation matrix. This fittin
may comprise a search algoritluu for Iindlng a paramcier
combination correspondulg to a maxnuum or a nunimum of
an objective I'unction. e.g. such as to maximize thc overlap
between the shape model and the measured point cloud or to
nunimize a deviation betv een the shape niodel and the
measured point cloud.

[0082] Thc method 10 also composes creatulg 15 a solid
model of the surface model. usmg the pmcessor, by taking,
a grey value distribution. e.g a normalized grey value
distribution. of a reference object, e.g. a reference object
v ithout defects. into account. Creatutg the solid model may
comprise Iillulg in d I olumc dclined by the surf'acc model
with lhc grey value distnbution, in which this volume
corresponds to thc space coordinates of thc object when
inlaged by the image detector This volume may for example
correspond to the space coordinates of the object due to the
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estimation of the position and/or orientation of the object in
thc lilting mcnttoncx) lmrmnabovc.
[0083] I'or example, a normalized reference volume, e g.
derived from 0 CT thstaset previously obtained from refer-
ence object samples. may be used to produce a volumetric
image approximation of a reference object confomling to the
slmpc model. Thc solid model may Ihr example comprise a
1 olumclric image, c g. an approxunal ion of a CT scan of the
reference object, obtained by hack-sampling for a nornial-
ized reference volunle using an im ersed surface normaliza-
tion scheme The reference object mav be representative of
a perfect instance of the object that passed under the
tlute-dimensional scanner. This perfect in~lance mny refer
10 ti pcilbcl insniucc htiving a niaiching shape to lhc scailiu'.d
ob)cm. insofar aclucvable by thc paramctmzauon of thc
slmpe model, yet having 00 defects or abnormal deviations
in intenlal stnicture to ob)ect samples used to construct the
normalized reference volume.
[0084] The method 10 also composes sinuilaling 16 a
rcfcrencc radiograph from thc solid model. usuig thc pro-
cessor 1his step of simulating of the reference radiograph
may comprise simulating an imaging process of the solid
model by forward projection using the predetemlined spatial
configuration of the image detector and radiation source in
the space coordinates of the object when imaged by the
image detector Tlus reibrcncc radiograph may for cxtunple
be simulalixl Irom llm solid model, e.. tlm volumetric
image. using a forward projection method.
[0085] The step of creating 15 thc solid model imd/or thc
step oi'unulating 16 thc rcfi:rcnce radiograph lakes a
predeternlined relative spatial configunltion of the image
detector. the radiation source and the three-dimensional
scanner into account, e . such as to enerate the reference
radiograph in a coordinate system conunensurate with the
coordumlc syslmn of the pro)imlion radiogmph oblmncd by
imaging the ob)ect.
[0086] The method 10 further comprises comparing 17 the
rcfcrencc radiograph with the projection radiograph, using
Ihe processor, lo detect and/or measure uilcmal deviations,
e g. defects. Of the object with respect to the reference
object I'or example, the measured projection radiograph
may be compared to the sinndated reference nldiograph. in
which any differences between the modelled and measured
projection may be indicative for the presence of defects.
Thus, if a substanual diffi:rcncc is deteeicd, ihc ob)iml may
be classilied as defect. Thc resull of llus comparison may be
brought to the attention of an operator, or may bc fi:d as a
sigiial to an autonlatic sorter to automatically remove the
object from the inhne transport line.
[0087] A nlethod according to embodiments of the present
invention nlay comprise obtaining the shape model and the
grey value distribution m the form of a predetermined shape
model and 0 predetermined grey value distribution as an
input to be received by the processor.
[0088] A method according to embodiments of the present
invention nlay compnse determining the shape model and
the grey value distnbution in a calibration phase. as
dcscnbixi further hcrcinbelow.
[0089] In a method in accordance ivith embodiments of
thc present invention, the shape model and thc grey value
disuibution may be crcatcd 21 by acquiruig CT scaim 22 of
d pluidlilv of rcfbrcucc ob)ccl BBnlplcs iifilline. c.g. in an
initial calibration phase before in)inc application of the
nlethod. and detenninmg the shape inodel 23. e g. by

constnictin a CAD model or applying a surface modellin
method, and thc grey value distnbuuon 24 from these CT
scans so as 10 bc used as pnor knowlcdgc dunng thc steps
of fitting the shape model and creating the solid model in
nuitime, eg during in)inc application of the method A
method in accordance with embodiments of the present
invention may comprise such initial step of creating 21 the
shape model and the grey value ihstnbution.
[IN)90] In a method in accordance with enibodiments of
the present invention, deternlining 23 the shape model may
comprise detemlining a surface model by extracting 25 a
plurality of exterior surfaces„correspondin to the plurality
of reference object samples. from the CT scans using image
processing tcchniqucs. For example, image proccssulg tcch-
niqucs as known ui lhc arl may bc applied lo construct such
exterior surface. e g image segmentation, edge detection,
morphological filtering. image pre-processing and/or image
post-processing. Such in)age processing may for example
also comprise image registration of the plumllity of CT
scans, e.g, alignment of the in)ages in position and orienta-
tion, lo facilitate Ihc detection of corresponding spaual
fi:alurcs in thc slap ol dcu:nnimng the corresponding spaual
features discussed fiirther hereinbelow
[0091] Determining 23 the shape model may further com-
prise determining 26 a plurality of corresponding spatial
fi:alurcs in lhe plurality Of cxtcrior suriaccs, c.g. delcclulg
each spatial fi:dlure ui each of thc plurnlity of exterior
surfaces such that each spatial feature of the exterior surface
of a san)pie object corresponds to a matching feature of the
exterior surface of each other sample oblect. For example,
such corresponding spatial features may be referred to as
landmark features.
[0092] Determining 23 the shape model may further com-
prise determining 27 a incan position and/or a variation in
position of each of lhc plurality of corresponihng spaual
fi:aturcs.
[0093] Detemlining 23 the shape model may also com-
pil sc iletcriuining lhcshdpc Biodc i ldk tug lhc auxin positions
of each o f thc plurality of corresponding spatial features mlo
account, e g. taking the nlean positions and variations in
posttiofls 11110 Bccoui'll

[0094] Tluis. in accordance with embodiments of lhe
present invention, the shape nlodel nlay have free param-
eters that can be fitted to account filr position of the object,
orientation of the object and,'or modes of variation of the
object representative of the variations in position of the
plurality of corresponding spatial features.
[0095] In a method in accordance with embodiments of
the present invention, the shape model may comprise a
linear model that parametrizes a shape of the object as a
luicar combination of a mean shape mid a plurality of modes
of variation. For example. llus mean shape may correspond
to a surface constructed using the incan positions of each of
the plurality of corresponding spatial features, while the
modes of variation may correspond to difference surfaces
with respect to this mean shape, such that the linear span of
the mean shape and the modes of variation encompasses the
plurality of exlcnor surfaces dctcmiincd from thc CT scans.
[0096] In a method in accordance with embodiments of
the prcscnt uivenuon. thc grey value distnbulion may be
ilclcrnlincd 24 as ii nornl i)ized icperi ncc volunlc iuldgc foul
the plurality of CT scans. For cxamplc, detcnnuung 24 lhe
grey value distribution may compnse applying a surface
normalization scheme to derive the normalized reference
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volume image of a populntinn of objects represented by the
oblcci samples, such that thc grey value ihstnbution &s

delinmi indcpmulcnt of thc slrapc of any indivnlual obtcmt. In
accordance v ith embodiments of the present invention, the

rey value distnbution may be determined by applying a
normalized sphencal sampling scheme 28 io obta&n the
normalized reference volume image. For example. the grey
value distribution may be derived from the GT dataset by
performing a sphcnca 1 samplu&g, e.. Iium Ihc cm&lcr of each
scan. nonnalizcd for Ihc surface of ihe oblcml mamplc. c g.
normalizinn the radial d&stance to the surface tn one for each
radial sampling line I'or exan&pie, a nonnali&ed spherical
sampling scheme may be applied to each of the plurality of
GT scans ind&vidually, and the resultant normalized refer-
ence volmne ima es may be aggregated by applying a
sunuuary stat&suc over ihe sct of nonnahzed reference
&olumc images. c.g. averaging lhe pluralily of reference
volume images
[0097J In accordance with embodiments of the present
invention, creating 15 the solid model &nay comprise apply-
ing 29 a reversed normalized spherical sampling scheme to
fit the normalized reference volume inm e to the surface
model. For example. thc nonnahzcd ref&:rcncc volume
image may dcliuc the common u&ternal structure of several
scaiu&cd ref&:rcncc oblect samples, regardless of lhc&r shape.
'I'lnis, any shape defined by the surface model of a part&cular
object at hand can be filled with this normalized reference
volume in&nge by applying a reversed normalized spherical
sampling scheme.
[0098] In a second aspect, the present invention also
Ichuc9 10 il uou-ilc91&ucl&vc hispccuou 9)'su:u& Iiu u&l&uc

inspection of an oblccl. The non-deslrucuvc inspecl&on
system con&prises a radiat&on source. e g. a radiation source
for emittin radiation of a predetermined radiation quahty,
e g. an ioniz&ng radiation source, and an iinage detector, the
source and detector forming a radiographic inm in system
for detecting radiation emitted by the radiation source and
usus&oined tluough nn object tlml is al lcasl partially Irans-
parm&i io sa&d prcxtctc&m&ncd radiauon qual&ly, e.g. &m al less l

partially x-ray transparent object, to provide a projection
radiograph nf an internal stn&cture of the object. 'I'he systen&
further cnmprises a three-dunensional scanner for scanning
an exterior surface of the obi act to obtain tiu ee-dimensiorml
scn&uung data of the object in the fom& of a point cloud
representative of at lcnst pari of thc exterior surface The
sv'stcu& also cou&pr&9cs tu& u&l&uc uauspo&t sv'alen& Io& ulovulg
thc oblcci alon a prcdclcmfinixi path in bctwecn lhc ion-
izing msdiatinn source and the image detector and tl&rough a
field of viev of the three-dimensional scanner
[0099] &&& system in nccnrdance with embodiments tlus
second aspect of the present invention may implement a
metiu&d in accordance w&th embodiments of the first aspect
of Ihc prcscnt &nvenuou Tlmrcibrc, Ibatures of 9 syslmu &n

accordance w&th embod&ments oi'hc second aspect of thc
present inventinn may be clear to the person skilled in the art
in view of the descript&on provided hereinabove in relation
to embodiments of the first aspect of the present invention.
Like&vise. features of a method in accordance with embodi-
ments of the first aspect of the present invention mny be
clear io lhe person slollcd &n flm arl in view OI Ihe dcscripl&on
provided hereinbelow &n relation io embodiments of the
second aspect of the present invention.

[0100J 'I he non-destn&ctive inspection system further
comprises a processor adapted fi&r obtaining the projection

radio raph from the in&nge detector and for obtainin the
po&nt cloud Ikom Ihe tiuec-duncns&oual scion&cr. This pro-
cessor is Iiirther adapted Ii&r Iiuing a shape model of Ihe
object to the point cloud to obtain a surface n&odel of the
exterinr surface of the object 'I he processor is also adapted
for creating a solid model of this surface model by takin a
grev value distribution of a reference object into account.
The processor is further adapted for sinu&lnting a reference
rad&ograph fiom th&s solid model and for companng thc
rcfcrcncc rad&ograph with Ihc projecuon rad&ograph to dclecl
and/nr measure internal deviations of the obl act w&th respect
to the reference object 1 he processor is also adapted fi&r

creating the solid model and/or simulating the reference
radio raph by taking a predetem&ined relative spatial con-
figurat&on of the image detector. the radiation source and the
tluec-dimcns&onal scanner into account.
[0101] Referring to FIG. 3„a non-destn&ctive inspection
system 50 for inline inspection of an object in accordance
with cmbod&ments of the present &nvenuon &s shown. Tlus
nou-destnictivc inspccuon system 50 may be a mullimodal
in&aging device, e g combining a 3I) scanner and an X-ray
in&aging device, for inline product inspection
[0102] The non-dcstruclne u&sp&xuou system 50 com-
prises m& ionizing radiation source 2 and an &n&age detector
3, the source and detector forn&u&g a rad&ogmsphic imaging
system for detectin radiation emitted by the radiation
source and transmitted tiuougt an at least partially x-ray
transparm&t oblccl to provide a protect&on rad&ograph of an
iulerual structure of thc oblcci. 11&e ion&zu&g radiauon source
2 may bc 9 stationary rad&alion source for cm&u&ng rad&auun,
e g a stationary X-ray source fnr emitting X-ray radiation
'I'he image detector 3 may be a stationary image detector,
e g. a digital X-ray image detector. for captunng a projection
image or radiograph of the object. e.g. a pmduct or produce
itmn, by detecting the raiiiation when trm&sm&tted tluough
the oblccl. Thc raihation source 2 may cm&t the &o&uzu&g

radiation u& thc dircclion of a cm&tral po&nl oi' rad&al&un-

sensitive area of the imane detectnr 3. e g may emit radia-
tion in a mean direction. e.g alon a central beam axis
direction 7„which may correspond to n mathematical line
connectin the source focus to a central detector pixel
localion on thc detector 3. The image detector 3 may consist
of a linc oi dclcclor pixels. or a two-dimens&onal array of
dcumtor p&xcls.

[0103] The radiation source 2 may mnu radiat&on 7 u& 9

prcdelcnn&n&xl conc m&glc such as lo cover, prcfi:rably,
substant&ally the m&lire raihaiion-sm&sit&vc area of the uuage
detector 3. 'I'he snurce 2 may also provide a sufliciently high
msdiation flux such as to obtain a gond signal to noise ratio
when imaging the object 6 using the &ma e detector 3.

[0104] The radiation source 2 may comprise a light
source. e.g. a light source for emitting hght in the infrared,
near-infrared. opucal and/or ultraviolet spectral range. Thc
rad&ation source 2 may compnsc au acoust&c wave source.
[0105] Thc radiauon source 2 may compnsc a rad&oacuvc
source, e.g a gmnma emitter, nr an X-ray tube. I'he X-ray
source may for example en&it photons having energies in the
range of [00 eV to 400 keV, e.g, in the range of I keV to 200
keV, for example in the range of IO keV to IOO keV.
However cmbod&ments of lhc present u&veal&on may also
relale lo other types oi raihalion, c g. purt&cularly to types of
radiation which can bc lransmiued tluough thc oblect lo be
tested along a substm&tially linear tralectory. e g. &vithout

sig&uficant reflection, refraction or ditfract&on of the radia-
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tion wave. while the absorption of the radiation in the object
to bc Icslcd is ncilhcr very lugh nor very low. such thai an
acceptable contrast range can bc achieved ui thc radio-

raphic iniaue. It is to be noted that the skilled person is
wefl-aivare of suitable radiation t)pes, as known in the art,
for radiation imaging of a specific object given its matenal
properties and spatial dunensions, and has knowledge of
corresponding sources and image detectors known in the art
for such radiation I)I&c, wluch may tlnis bc used as thc
radiauon source 2 and thc image detector 3 ui accordance
with embodiments of the present invention

[0106] The image detector 3 is adapted for capturing a
projection image or mdiopaph of the object 6 by detecting
the radiation when transmitted tluough thc obtcct 6. Thc
protccuon unagc may bc obtauicd by means oi'n unagc
ih:ICCIoi 3 thill IS BiLtptCd Ior Caplui&tlg, C.g. BCqiiiriilg Or
dctcctlilg. pains of thc pn&fcction imagcat diflcrcitt nloiucnts
in time, e g acquiring the pmjection image non-simultane-
ously and/or in time frames corresponding to munially
disjunctive time fmmes ofexposure. For example, the image
delixlor may comprise a onc-dunensioiml array of pixels,
c.g. B line arruy, and a lwo-duucnsional image may be
coflecttxf while moving thc oblixl through Ihc field of view
of the radiographic imaging system

[0107] The system 50 fiirther comprises a three-dimen-
sional scaluier I for scanning an exterior sudhce of the
oblccl lo obtain three-duncnsional scmuung data of the
ob Ice& in Ihc form of a pouil cloud rcprcsmila live of al least
part of the exterior surface 1 his three-dimensional scanner
niay be a 3D scanner device. e g comprising a laser lineot'ultipleRDB cameras The 3D scanner I may comprise one
or more scanner sources 8 for emitting radiation 9 and one
or nu&re detectors 51 for capturing reflected radiation 9 fmm
the object 6 wlulc moving on the uanspoit system 5. Thc
scatuicr source 8 may compnsc onc or muhiplc radiation
source~, e g. comprising a laser and/or a light source 'I he
scanner I niay use laser tnangulation; in which the detector
51 picks up laser li ht that is reflected ofl'he object. By
using trigonometnc triangulation, using an accurately pre-
determined distance between the lacer source and the detec-
tor. ds well as un accurately prcdctcnmned angle between
thc hlscr alii! flic act&sot, lhc svalet&1 niav calcidalc flic
distance from the point on the object surface to the scanner.
'I'he 3D scanner I may also use a laser pulse-based tech-
nique. also known as time-of-flight scanning„based on a
constant speed of fig&ht and a time period in which light fmm
a laser source reaches the object and reflects back to the
dcmxlor. The 3D scmuier I may operate in a phase shifi
mode. in which thc power of a laser bemn is modulated, and
the scanner is aiL&pted to compare the phase of the laser lmht
being sent out and the laser light at the detector after
reflection off the object 'I'he )D scanner I may also con&-

prise a conoscopic system. in wlfich a laser beam is pro-
jected onto the surface and the immediate reflection along
thc siltlic rd)'-pdlll ls lidtlsnuuc'0 through a conoscopic
crystal mid project&xi onto a detector. Thc sv. uiner 1 may also
use a stnictured hght scanning method tlmt projects a series
of linear patterns onto the object and detects the edge of the
pmjected pattern ivith a camera, and calculate the distance
simiL&rly.

[0108] The 3D scanner 1 may produce pouit cloud data of
thc Qucc-dimettsiotrdl surface topology OI'hc object 6,
which may be pmcessed, e.g stored and pn&ceased. m the
pmcessor 4 described further hereinbelow„e g. Stored and

processed in a machine vision device. The point cloud muy
consist of a number oi'oints, e.g coorduiates idcnlifyuig
such points, on Ihc surface oi Ilu: oblixl 6, wluch allow d

geometrical shape model to be fitted to the cloud such as to
describe the surface of the object in a geometrically com-
plete manner. To limit the number ofpoints needed for fitting
the geometrical shape, the processor 4, e g. the maclfine
vision device. may include a database of reference shapes
that have been trained externally of thc oblect category.

[0109] The system also compnses an inline transport
system 5 for moving the object along a predetermined path
in between the ionizing radiation source and the image
dcnxtor mid tluough a Iield of 1 iew of thc tluccdimensiona1
scatlttcn Thc prcdclcrtliiilcil pdlli thus Iravciscs B Iic'kl oi
view of the radiographic iniauing system, e g. such as to
enable imaging of the object while moving alono the pre-
determined path. The predetermined path also tmsverses a
field of viev, of the three-dimensional scanner, e g. such as
to enable scmuling of the object while moving along the
prcdclernunid path. Tlus uiluie transport system may com-
pnse a transport lute for moving Ihc oblcct, c.g. Ihc pmducl
or produce item, in bet&veen the radiation source and the
in&age detector and, for exaniple. under the 3D scanner

[0110] Thc inluic transport system 5 may compnse a
transport lute Ibr moi mg thc oblcxt 6 along a prcdctcrnuncxf
path through the 3I) scanner I and in between the radiation
source 2 and the image detector 3 i&or example, the transport
line 5 may be adapted for niovin a stream of objects 6 along
the predetermined path, e.g. for moving each object 6 in the
stream along the path.

[0111] The object 6 niay thus be moved along a path in the
3D scatuicr 1 and ui bclw em& thc dctcctor 3 aud the radiation
source 2, e.g. through a Iield oi'iew observed by thc
dcnxlor 3, c.g. a digital X-rdy detector, with respect lo a
mdiation field. e g. an X-ray beam. emitted by the radiation
source 2, e g. a diverging beano of X-rays en&ttted from a
substmtially point-like fi&cai point of an X-ray tube and
subst mtially directed toward a digital X-ray image detector.

[0112] This transport line may for example comprise a
conveyor belt. e.g. a moving conveyor belt on which the
product item is supporltxf wlulc being moved along Ihe
tralcclory or an ovcrhcad corn cyor from wluch the product
iten& is hanging while beinu moved along the trajectory

[0113] In operation. Ihc obtixi 6 to bc uispectixl may travel
alono a trajectory formed by the predetermined path. in the
volume of space benveen the scanner source 8 and the image
detector 51. e.g. in such a way that images acquired by the
ima e detector 51 can be used by the pmcessor 4 to provide
a suflicientiy accurate 3D shape of the object, e.g, sufli-
cienlly accurate in view oi product inspection rcquircmcnls
imposed by a spccilic application.

[0114] In opcrauon. thc object 6 to bc inspcctcd may then
travel along a Iratcctory fonncd by thc prcdclcrmincd pad&.
in the volume of space betv een the radiation source 2 and
the radiation detector 3. e.u in such a way that images
acquired by the ima e detector 3 can be used by the
processor 4 to pn&vide a sufficiently accumte projection
image of Ihc oblccl posifioncd in the same onenni lion on Ihc
IrililSport 111&C BS WllC11 ltd i I:ling lhri&ugh ll&C 3D SCatltlCI; C.g.
suiiicicnlly accurafc in vice of product inspection require-
ments imposed by a specific application Alternatively. a
predetermined change of orientation and/or position of the
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object when scanned by the 3D scanner 1 and when imaged
by lhc radiograpluc imaging system may be uikcn uito
account by Ihc processor 4.

[0115] Thc non-destrucuvc impcction system 50 funhcr
comprises a pmcessor 4 'I'his processor inay comprise a
nlachine vision device Such machine vision device may
conlprise a 3D geometry reconstniction unit for determining
the tiuee-dimensional outer shape of the object. e. the
product or produce ilmn, based on data provided by thc
tluce-dimemional scanner dale. The maclunc vision device
may comprise a 3D volume rcndcnn unit fiir generatmg an
internal representation of the product, and a radiograph
generation unit for detenninmg a radiograph image of the
internal representation of the product.
[0116] The processor 4 may have an associated memory
for storing executable program code and/or data. The pro-
cissor may compnse, or may bc intcgmtcd ui, a computer or
digital processing workstation. The processor may compnse
eneml purpose hardhvare for executing sofiware code such

as to instnict the pmcessor to perfihnn some or all tasks as
described further hereinbelowh 'I'he pmcessor may also conl-
prise such software code, e.g. stored in a memory or on a
data carrier readable by a data storage reader connected to,
or purl ol. Ihe processor; lllc proccssol'nily'oinp11sc
luirdwarc spccilically adapted for performing some or all
tasks hirther described hereinbelohv, e.u an application
specific inte rated circuit, a field progranunable gate array
device or a similar conhgurable hardware device kttown in
the art. The processor may be provided hvith dam represent-
in an inlage of the object, e.g. via a connection to the
radiographic imaging system, and wilh dale representing a
tlucc-dimensiooal scan of the object, c.g. via a conncolion lo
the three-dimensional scanner The processor may hirther-
nlore store these data iil a memory associated with the
pmcessor. Optionally. an user interface having at least an
output may be operably connected to the processor. such that
a user can receive output from the processor and/or input
conunBiids lo thc proccssol
[0117] Thc processor 4 is adapted fiir oblmning thc pro-
jection radiograph from lhc image detector mid lor oblaining
the point cloud from the three-diinensional scanner Tlus
pu1ccssor 4 iuav foi'in a tn,'tchiile visioB iiilil foi'oinplc-
menting the imagin chain after the 3D scanniitg and
radiographic image collection.
[0118] This processor is further adapted for fitting B shape
model of the object to lhc pouu cloud lo obtmn a surface
model of Ihc exlcnor surlacc ol thc obrecn Thus, Ihc pouu
cloud nuiy bc used to compute a complete outcr surface of
the object by fitting a shape model (SM) of the object Shape
nlodels may comprise any technical method to describe the
tlu m-dimensional shape of an object. The shape model may
be rigid or deformable A deformable model can be inter-
prcu:d as a generalization of a rigul rcprescntafion. Thus,
methods and systems in accordance with embodunents of
the present invcntiou may rclatc to either deformable or ngid
models, eg, when applied to rigid models the degree of
freedom related to shape deformation will be absent. An
example of rigid models are those resulting from conven-
tional computer aided design (CAD). Such CAD models
may be widely available for products ui production mivi-
ronments, where substauluilly identical products need to be
inspccteil. Iil this case. Ihc 3D scanner will scrvc to assess
the exact translational and rotational position of the product,
e g. on a conveyor. based on the measured point cloud An

example of deformable slmpe models are statistical shape
models (SSM), such as those described by I ieimann et al. in
"Statistical shape models for 3D medical image segmenta-
tion. a review," Medica/ finage Anal& sir, 13(4), pp. 543-63.
Thc contcnm of tins rcfi:renccd document 1 ~ hcrcby uicor-
poratcd by rcfi:rcnce. In mubodimcnts according to thc
present invention, the shape nlodel nlay comprise a S)M
obtained by principal conlponent decomposition, e 5 result-
in in a mean shape for the object population and possible
deviations thereof. However. in other embodiments accord-
ing lo thc prcscnl uivenuon. other methods for deliiung Ihe
sltapc model may bc applied. e g. parmnclnc methods such
as parmnetric methods based on spherical harmoiucs. In case
of a deformable shape model, the 3I) scanner I may aid in
assessing the transhhtional and rotational position of the
object. and additionally. may serve to determine a best fitting
instance of a model population to the object shape of the
object 6.

[0119] Thc processor 4 is also adapted fiir croaung a solid
nxhdel of this surface nlodel by takmg a grey value distri-
bution of a reference object into account Iior exmnple. the
pmcessor 4, e.g the machine vision unit, nlay fill the 3))
shape model of the object 6 to obtain an Internal represen-
tation or volumetric image of the object. In accordance with
mubodunenls of thc prcscnl 1m ention, m»nlemal represen-
tation of Ihc obliul nuiy bc provided by gcncraling a
distribution inside the object representation that provides
values of a physical property of the object that influences the
interaction of the nhdiation apphed by the ionizing radiation
source 2 v, ith the object. In one embodiment. this property
cml be a density that determines the absorption of X-ray
radiation cncrgy. In onc cxmnple, this value dislribuuon cmi
bc spatially unilbrm inside the oblcct, e.g thc cnlirc 3D
model of Ihc oblccl is lillcd with the same value. This may,
for exanlple, be a suitable option fi)r objects composed of a
material having a uniform density. In another example, this
distribution is normalized for the surface by applying a
spherical sampling from the centre of the shape v.here the
radius is normalized fiir Ihc distunce lo the surface, as
illustrated in FIG. 4. In yet another cxamplc, tins distnbu tron

may bc nonualizcd by applyuig a rcvcrsiblc uon-rigid reg-
istration to a reference smnple.

[0120] The value distribution may furthermore be not
unifomt. but position dependent In embodiments according
to the present invention. the ob)ect representation may be
subdivided uito discrctc volunu: clcments, rcfcrrixi lo as
voxels, wluch may bc assigned ddlbrent values. This value
distribution may represent internal stnictures in the object,
e g in a case where the object consists of pans made of
difi'erent materials that have a diiferent density, e.g. possibly
including the presence of internal cavities.

[0121] Such value dislnbuuon may be obtauied I'rom a

pnor knowlcdgc database 52 containing nonnahsed oblect
rcforcncc dcscnpuons. c.g. descnplors ui a maclunc-read-
able and nmchine-parsable fonu. including, for example, the
3)) shape and internal representation and possibly other
statistics. This database may be acquired by taking 3D
volumetric scans of a number of exemplary object samples,
e g. product items without defi:cls. Such volumetric scans
may lbr cxamplc bc oblauicd using u tomography unaguig
and reconslniclion system, and may bc used lo create a
nxhdel of the object under consideration. to be used as prior
knowledge during nintime.
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[0122] The value distribution in the database may be
nomralized for Ihe shape population of thc ob]ixl. e.g as
depicted in FIG. 4, and may be back-sampled ullo the
nleasured instance of the described shape, e.g the titted
shaped model filrnrmg a surface model of the scanned
object, thus resultin in a volumetric representation. e g. a
volumetric image, of the object under investigarion v.ith
reference internal properties. Methods to obtain surface
IlomlirllsCi! Vo]UIIIC ddlB llldV 111C]Udc sur]BCC llollllallzcil
spherical sampling schemes and non-ngid fiurd based reg-
istrations to a reference volume. I'he normalized sampling
scheme may allow for derivuig a mean spatial dmisity
distribution of a population of sample~, regardless of the
shape of the individual samples.
[0123] The processor 4 is further adapted for simuLsting a
rei'crcncc radiograph from tlus solul model. The processor Is
also adapted Ihr creating the sohd model anrVor snnulaling
thc reference radiograph by lakur a predelcrmured relative
spatial configunltion of the image detector. the radiation
source and the three-dimensional scanner into account 1 he
processor 4. e.g. the machine vision unit. may produce a
reference projection image or radiosrraph of the fille refer-
mrce object or product item using thc measured and filled 3D
slmpc model and prrxlclcrmincd characlensucs of Ihc radia-
uon source 2 and dctcclor 3, usurg suitable projection
al orithms. 'I he predetermined clmracteristics mav include
source and detector polychromatic behaviour, source and
detector positron. detector size and pixel size. source focal
spot size etc Suitable projection algoritlmrs may include
llllc lldClllg drill lrllCgtir]1011 Blgolllhllls fol dCU:Illlllllllg lllC

amount of raduilion energy passing lluough lhc product
i]I:111.

[01Z41 'I he processor 4 is also adapted for comparing the
reference radiograph. e g obtained by simulation. with the
pmjection mdiograph, e g. obtained by measurement per-
formed by the radiokrraphic inm in system, to detect and/or
measure internal deviations of the object with respect to the
rcfcrencc object.
[0125] This processor 4, c.g. thc maclune vision unit 4,
Illdv fUIIIICI bi: ploglBlluncx! fol BpplVlllg IIIIIC11111C Visioll
al orithms tilr the detection of defects in the imaged object.
I or example. the processor 4 may coniprise a computer or
cluster of computers pro ranuned for applying such
machine vision algoritlmrs. The images may be analyzed to
extract information about possible defects by combinin,
such as subtracting and/or mralyzing, thc rcfcrencc pro]ec-
uon image to the actual image capuired by thc dctectur 3.
'I'he reconstruction and computer vision analysis niay be
addressed ivith suitably scaled computing poiver and well-
developed ai oritlmrs„as are available in the smte of the art
and can be readily applied by the skilled person. Holvever,
it is to be noted that a convenient selection of suitable
plo]i:cnoli dlxl ilciccl ili:tcc11011 Blgiilllhllls 111Bv hrlvc Bll

impact on sigrrdl-lo-norse loleranccs in Ihe imaging chain.
'I'herefore, It is a firrther advantage of embodiments of the
present im entioii that an impnlvement of quality tolerances
in reference radiographs and/or detection can be used to
increase the tirroughput of the system 50 without requiring
extensive reconfigumstion of the system 50.
[0126] For cxmnple, Ihe rcfi:rance radiograph may be
compared to Ihe pro]ection radiograph. e.g. usmg mr uuage
drili:rmlce mctnc, to detect an ob]ccl deviating Ibom the
sample population represented by the shape nlildel and the

rey value distribution, e g by applying a threshold cnterion

on the image difference nletric. Iqowever. if an abnormality
is so detected, further machine vision algonthms may be
engaged to further classify or determine the nature of the
abnonnahly. It rs an advantage llml, for Bn in]inc tmnsporl
system feeding a stream of objects thmugh the imagin
colllpollcllm ]liat have ir low'lcli:I: I rulc, colnplcx Irlaclllllc
vision algorithms to classify or determine the nature of
dc]i:cts nccd only bc activated rnfrcx]ucntly. Thus, a suuple
screening can be provided in accordance with embodiments
of the prcscnt invention that may not unduly substimtrally
inlpede the throughput of such in]inc systeni

[0127] For example. the non-destnictive inspection sys-
tem 50 may be an object selection system or appanstus
comprising a processor. e.g, having an associated memory
for slonng progrmns mrd dale, of a computer or workstation.
Such object selection system or apparatus may ihrther
comprise a device that combines a 3D-scanner, e g. usurg a

Laser line and/or nuiltiple RGB cameras, and a X-ray msdi-

ography system. An output of tlus device may bc coupled to
an input of the processor of the conlputer or workstation. In

such object selection system or apparatus. wluch comburcs
X-ray radiographs, 3D-scanning and processing, the X-ray
radiography system may provide x-ray source exposure
pulses 10 thc ob]ccl and may provide nuagr: daLi oi Ihe ob]ecl
corresponding lo such exposure pulse. c g. via an energrz-
able (digital) detector. Io the input of the pmcessor. ']he
pmcessor may be energi sable to acquire each Iniage data set
'I'he 31)-scanner may provide light ray exposure to the object
and may provide scanning data of the object correspondin
to such exposure pulse, e.g, via an ener izable (di ital)
dclrxlor, 10 lhe input of Ihc processor, which is energizable
to acquire each svminurg data set. The ob]ect selection
system or apparatus may furlhcmrorc bc charactcnscd in
that the processor, rvhen energized, hts a shape model and a
density model to partial point clouds as captured by classic
3D sensing systems. In an embodiment of the present
invention, the processor of the above descnbed system may
process thc 3D scannurg data ullo a point cloud, cstimatc thc
oulcr surface Ihcreoi by lilt urg a shape model (SM) lo crcatc
a surface model of Ihc object, usc a suri'acc nonnahzcd grey
value distribution to fill the surface model to produce a full
volume image of a reference object conforniing to the slmpe
of the object, e.. a perfect reference obiect having no
defects or abnormalities yet the same or similar shape,
sunulatc a radiograph from this solid model obtarncx] by
Iilling in the surface model and analyze thc ddfi:renccs
bclwrxn Ihc radrograpluc unage, c g. thc mcasurcd radio-
graph of the object, and the simulated radiograph of the
perfect full volume inlage 10 calculate or display the internal
defects of the object.

[01ZS] It is an advantage of embodiments of the present
lllvelllloll ]lid] dlloilldlolls Objects may be idcnlriied by usulg
a shape model and a grey 1 slue distnbuuon as prior know I-

edge, such that a system in accordance with enibodunents of
the present invention can be easily adapted to difTerent types
ofobject by providing a suitable shape model and grey value
distribution as prior knolvledge.

[0129] Further hereinbclows examples relating to embodi-
menls of Ihc present inveniion are provided. These cxamplcs
should not bc construed as linuting the scope 01'hc present
invention in any rvay, but are nlerely provided for infonua-
tive purposes, e g. to assist the skilled person in understand-
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in working principles of embodiments of the present inven-
tion and to aid the skilled person in reducing the invention
to practice.

[t)130] In a first example, a training, dataset i ~ used to train
the models used in embodiments according to the present
invention. This training dataset was acquired by uikmg CT
scans of a number of samples without defects on an indus-
tual CT-system. In this example, the model compuscs two
parts an outer shape and an internal density distribution.

[0131] Aficr reconstruction of thc CT scans. the outer
shape of the scanned samples ives extracted using basic
image processing tixluuques such as segmentation, edge
detection and pre- and post-processing, illustrated in I'Ki 5.
( orrespondiim points. e 8 landmarks, on all these surfaces
were extracted. afler which the variation in position of every
point was be determined. The result of this process is B incan
slldpc witll vauous modiw of vauatlon, wlllcli rcprcscli! tile
i aruibility ol thc shupc. Any shape ui thc populauon repre-
sented by the acquired samples nmy then be reconstmcted
through a In)ear combination of the mean shape and its
niodes of variation. e g using a method as disclosed by
Heimann et al „previously referred to hereinabove. and
herewith incorpomted by reference. FIC). 6 shows various
r;mdom apple shapes generated with thc mefliod descubed
dboi c.

[0132J 'I he inside of the object was modelled ivith a mean
spatial density distribution deuved from the ("lzdataset 'I'lus
vvas done by performing a spherical sampiin fmm the
centre of each scan, normalized for the surface of the
sample. as illustrated by Flri. 4. Such normalized sampling
schcmc allows for dcnving thc mean spatial deiwity distn-
bution of a population of samples, rc ardlcss of the slxipc of
the individual saniples 'I'his means that the average interior
of all scmined samples is described. regardless of their
shape. This also means that any shape as obtainable by
varying the parameters of the chape model as descnbed
hereinabove can be filled with this reference distribution by
dpplVllig d ICVCSSCd ilolllldllzCd SpllCliCBI SBIllpllllg SCllC111C.

[0133] During runtime, thc oblixt may lirst pass tluough a
3l)-scanner 'I'his 3D-scanner can be based on a laser lme,
l((ii3 cameras or any other system that produces a 3-dimen-
sional point cloud. The resulting point cloud may be incom-
plete. for example because such systems commonly may not
be able to dctcct thc undcrsidc of an oblect. In comburation
with thc shape model that was constructed durmg training,
as dcscribcd hercuiabove, it can however bc used to appruxi-
niate the complete outer shape of the object Once this
hollow shape is known, it may be combined v ith the mean
spatial density distribution by back-sampling this distribu-
tion. e.g. using a reversed normalized sampling scheme. The
rcsultuig 'lillcd'hape may be an approxnuauon of a CT-
scan of a perfect instance of thc object that passed under thc
3D-scanner, c.g. havuig tlm same or very smular shape but
under the assumption that no defects are present in it An
X-ray radiography may be sinndated by calculating a for-
ward projection from this model. In a final step. the object
passes tluough an X-ray radiography scanner. The resulting
mCilsUlcil radlo~aplly 1S colllpilliXI Bi)11 tllC S1111UlatiXI

one. Bccmisc thc modelled obloct is pcrfimt. e.g. without any
iICICC(S. illlv'lllfbrcllCCS bC(WCcll tile llliidClhXI Bill llliXISilrCil

pmjection indicate the presence of defects„ thus allowing it
to be classified as 'defected'r 'not conformant'I'lus

runtime process is schematically illustrated in FIG. 7. Fur-
themiorc, thc processing flow is schcmaucdlly illustrated in
FIG. 8
[0134] FILI. 2 shows an optimization and simulation relat-
in to embodiments of the present invention This illustra-
tion exempiifies a setup applied to a rigid cubic sample with
a spherical abnormality with a 10% density ddli:rcnce. The
measured point cloud and prot idcd 3D model are used to
assess the rotational and translational position of the sample
When combined with the prior knowledge density distribu-
tion. a perfect instance of the object is obtained, from wlflch
a mdiograph is simuLated. This is then compared with a
measured radiograph, to identify the abnormality.
[t)135J FI(i 8 shoivs a similaroptimization and sinutkstion
relating to embodiments of the present invention 'I'his
illustration shov,s a setup applied to a sample with a com-
plex variable shape: an apple with a sphencal abnormality
with a 10% density difference it ith respect to the surround-
ing tissue. Thc sample passuig tltrough the setup results in a
mcasurcd point cloud and a measured radiograph. Thc
pmvided defornmble shape niodel is combined with the
point cloud and the niean density distribution to result in a
perfect instance of the sample. From this perfect instance a
radio raph is simulated, which is compared v ith the mea-
sured radiograph to identify the abnormality
[0136] Another example for iflustratin features and
advantages of a method in accordance v ith embodiments of
thc present invention is shown in FI(i 9. FIG. 9 shows two
diffi:raut shapes, respectively mi ellipsoid 91 mid a toroid 92.
combined with difii:rent types of defects, e.g. ellipsoidal.
spherical and toroidal defects. v ith contrasting density On
the second rov, 93 of the figure, X-ray mdiographs are
shown taken from a random orientation of the objects. On
the third row 94. the difference between the measured
radiograph, e.g. shown on flie second row 93, and the
sunulatcd radiograph obtained by using thc 3D shape wifli-
out dcfcct, e.g. shov,n on thc lirst rom 95, is dcpictcd. Wlule
it may be very diflicult to distin uish the defects in the
measured radiographs, these defects may be easily visible on
the comparison images. e.g. illustmted in the third row 94,
e . in such v:ay that in)age processing could be easily
pcrfomicd.
[0137] In this example, 1250 samples with varying defect
intensities and 1250 san)plea vvithout defects were processed
by a method in accordance w ith cmboihmcnts ol thc present
invention. A 10-fold cross vahdatcd nuive Bayesian classi-
IICatloll ilSlllg tllC Silllplo Sillli Ol Bll plXCI ~ VBIUCS ill tllC

cmnparison images could correctly identify 97 4% of the
smnples as containing a defect or not I lowever, to achieve
the same resuit in secor(Lance with methods knov n in the art,
separate image processing algorithms„e.g. including thresh-
olduig, might have to be dcvelopixl I'or each shape~efcct
combination to dc)act dcfixts ui thc mcasurcd radiographs.

I -20. (canceled)
21. A non-destructive inspection method for in line inspec-

tion of an object, the non-destnictive inspection method
CiilllPI)Slllg:

movui . using an inline transport system. an object. that
is at least partially transparent to radiation of a prede-
tcmuncd radiation quality. along a prixlctcmiincd pafli
ui bctwisen a radiation source. for emitting radiation of
said prixletcnnined radiauon quality, and an uuage
detector, and thmu h a field of view of a three-dimen-
Sloflal SCBliflel",
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imaging said object using the image detector by detecting
said mdiv&&ou cm&ucd by thc rddiat&on source and
Irmismittcd through said object Io obtain 9 project&on
radiograph of an internal stn&cture of said object,

scanning an exterior surface of said object usiag the
three-dimensional scmuier to obtain three-dimensional
scanning data of said object in the form Of a point cloud
representat&ve of at least part of said exterior surface,

iitung. using a processor, 9 shape model Of said object to
sa&d point cloud Io obtaui a surface model ol'md
exterior surface;

creating. using said processor. a solid model of said
surface model by taking a grey value distribution of a
reference object into account:

sinn&Llting, using said processor. B reference radiograph
from sa&d sol&d model: and

comparing, using sa&d pn&cessor. said reference radio-
graph with said projection radio raph to detect and/or
measure internal deviations of said object with respect
to the reference object,

wherein sa&d step of creating the solid model and&or said
step of sinlulating said reference nldiognlph takes a
predetermined relative spatial configuration of said
image detector. said radiation source and said three-
din&ensional scanner into account.

22. I'he method according to claim 21, wherein said
scanninu of said exterior surface coinprises Beneratu&g a
partial point cloud of sa&d object,

V:1&CrC&11 Sdld llttlllg coillpllSCS Call&i&BI&llg ll&C CiilllplCtC
ex& crior surlacc m&d pos&&ion of thc obj eel by lilung smd
shape model.

wherein said creating of the solid model comprises filling
in a volume dclincd by sa&d surface model with smd
grey value ihstnbution, said volume corresponding to
thc space coordinates of the object when &maged by thc
image detector, and

wherein said simulating of caid reference radio raph
comprises sunulauug an imaging process ol'hc sol&d

model by forward protection usu&g smd predetcrmuied
spatial configumlt&on of the image detector and radia-
tion source in said space coordinates

23. The method according to claim 21. wherein said shape
model and sa&d grey value d&stnbution arc crw&ted by
dcquir&ng CT scans of a plurality of relercncc obroct s unples
Otf-line and determining the shape model and the grey value
distribution from said CT scans to be used as prior knowl-
edge during said steps of fitting the shape model and creating
the solid model in runtime

24. 11&e method accordu&g Io clmm 23. wherein dclcrm&n-
ing said shape nlodel coniprises

extracting a plurality of exterior surfaces, corresponding
to said plumllity of reference object sample~. from said
CT scans us&ng &mage processing Icciuiiqucs,

detenliining a plunll&ty of corresponding spatial features
in said plurality of exterior surfaces.

dCIC&lllllllllg II &l&CB&1 posit&0&1 Bn&LOI B Vd&1911011 ill pOSII&oil
ol each ol sa&d plural&ty 01 corrcsponduig spal&al lw&-

tures. and
detemiinin the shape model taking said mean positions

into accounu sa&d shape model hdvu&g lbec parameters
Ihat can bc fittcdt to account li&r position of Ihc object,
orientation ol'hc obtcct and,'or modes ol'ariation of
the object representative of said variations in position
of said plurality of corresponding spatial features.

25. The method according to cLaim 24. w herein said chape
&llodel Co&lip&&SCS B 1&&IC&lr 11100Ci &hilt pi&rail&C&l& ZCS d Slit&pe Ol

the object as a incur combiiuition ol' mean shape and a
plumllity of modes of variation

26. The method according to claim 23, v herein said grey
value distribution is determined as a normalized reference
volume image from said plurality of CT scans.

27. Thc method accorduig Io cia&m 26, whereu& detcnnin-
ing said grey value distribution further comprises applying,
a surface normalization scheme to derive the normalized
reference volume image of a popuLation of objects repre-
sented by said object samples independent of the shape of
any individual object.

28. Thc method accorduig Io cia&m 27, whereu& detcnnin-
ing said grey value distribution comprises applying a ani'-
mal&zed spherical sanlpling scheme to obtain the normalized
reference volume image and wherein creating caid solid
model comprises applying a reversed normalized spherical
sampl&n scheme to fit the nomlalized reference volume
image &0 saul surface model.

29 the method according to claim 21, in which said
moving of said object comprises moving said object inline
on a conveyor belt.

30. The method according to claun 21. whereby said
lllovlllg Ol Said ObICCI 11&OVCS 99&d OblCCI Bl 9 SpCeil ill tl&C

range of 0.1 nv's to 0.7 n&ts.

31. I'he method accordin to cia&m 21, wherein. during
said movin of said object alon said predetemiined path,
said oblect first passes tim&ugh said three-d&menclonal scan-
ner. and then, consequently, passes through the field of view
of thc unage detector.

32. I'he method accordin to claini 21. wherein said
object is moving inline throu h a radiation field of each of
a plurahty of radio~vaphic imaging systems, each compris-
ing an ionizing radiation source and an image detector, and
throu h a scanning stage of at least one tj&iee-dimensional
SCalll&CI.

33. I'he method accordin to claini 21. wherein said
mldiation source and said image detector are statically
arranged v,ith respect to said inline transport system.

34. The method according to claim 33. in which the
radiation source aiul thc image detector arc lixed above a
conveyor belt »hereon smd object &s transported.

35 4 &10&l-fest&1lctlvc inspection sy'Stclll fol'ill&ilc lllspcc-
tion of an object. the non-destnictive inspection system
Co&lip&IS&llg:

a mdiat&on source and an unagc detector forming 9

radiograpluc imaging system for dctccung radiat&on
en&itted by the radiation source and transmitted through
an object that is at least partially transparent for said
radiation. to provide a projection mldiograph of an
intemai structure of said object;

9 IhreC-dill&CI&S&olldl SCdll&ICr lilt 9cdlllllllg Bll CSIC1101

surface ol'said obicct Io obtain tlucc-dunens&onal scan-
ning data of said object in the forni of a point cloud
representative of at least part of said exterior surface;

B&l lllllllc ndllspolt 9v9&0111 lor Illovlllg tile obfcct alollg a
prcdctemiincd path ui bctw ccn thc ra diat&on source and
the image detector and through a iield of v&ew of the
three-dimensional scanner; and
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a processor adapted for
obtanung saul prolix'non Iddlogldph honl ssud anligc

dctcclon
obtaining said point cloud from said tinea-dimensional

scanner.
fitting a shape model of said object to said point cloud to

obtain a surface model of said exterior surface.
creating a solid model of said surface model by taking a

grcv' Bloc distribution ol a rclcrcncc obtcct alto
dccol all.

sinndatin a reference radiograph from said solid nlodel,
and

comparing said reference mdiograph with said projection
radiograph to detect and/or measure intenlal deviations
of said object with respect to the reference object,

whcrcin thc processor ls further adapted lbr crcaung said
solnl model and/or simulating saul relercncc radlo-
Braph by taking a predetermined relative spatial con-
fi umtlon of said unage detector. said radiation source
and said three-dimensional scanner into account.

36. The system according to claim 35, wherein said
radiation source is a statinnary radiation source and said
Image dcn:ctor ls B stBtlonalv hnagc dcn:ctol.

37. The system according to claim 36, v herein said
system further compuscs a plurahty of stauonary radiation
sources and stauonary image detectors forming a plurahty of
mdiographic imaging systems.

3g. the system accordin to claim 35, wherein said
three-dimensional scanner compnses a stationary light or
laser source and a stationary light detector

39. The system according to claim 35, wherein said
radiation source is adapted for providin an x-ray exposure
pulse to said oblcct and said nnage detector is a digital trna c
dcnulor adapted for providulg image data of said obtccl
corresponding to said x-my exposure pulse as an input to
said processor, and

wherein said three-dimensional scanner is adapted fbr
providin light ray exposure to said object and com-
prises a digital detector for providin data relatin to
said object obtained by said hght ray cxposurc as an
ulput lo saul processor.

40. Thc use of n method according to clmm 21 lor
identifying anomalous objects transported on an transport
line in an industrial process.

s c c s
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