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t hr ee- di nensi on |'ows a user to I nspect any ane
regi on of printed eisyit boayds isVi-ay imaging. gerays from an X-ray source are passed through a

region of interest on a circuit board and the resulting X-ray image or projection is detected
15 by an X-ray detector on the opposite side of the circuit board to the X-ray source. This

produces a two-dimensional image or slice through the region of interest. The X-ray source

produces X-rays of sufficient energy to pass through the region of interest while also having

a low enough energy to produce significant contrast within the resulting image.

This two-dimehsional imaging technique is effective but often provides insufficient

20 information. For example, there may be objects that occlude the desired view through the
region of interest or it may simply be that the region of interest is sufficiently complicated to
require review in three dimensions. The region of interest may be all or only part of a

component, or may be several components.

Three-dimensional models of regions of interest can be obtained by combining multiple
25 two-dimensional images taken from different perspectives, or projections, through the
region of interest using a tomosynthesis techniqgue. The resulting three-dimensional model
allows a user to inspect any plane through the region of interest, to review a three
dimensional image to find defects such as voids. However, in order to obtain a good resuit
from tomosynthesis it is necessary to know with high accuracy the relative positions and
30 orientations of the X-ray source, region of interest and detector. The way in which the two-

dimensional images are combined in tomosynthesis relies on this geometric information, as
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di mensi onal image to find defects such as voids. However, in order to
obtain a good result fromtonosynthesis it is necessary to know with high
accuracy the relative positions and 30orientations of the X-ray source,
region of interest and detector. The way in which the two- di nmensional

t mages are conbined in tonobsynthesis relies on this geonetric information,
as 2 it isrequired in the mathenmaticgl fornulas that are used. As a
result, existing tonosynthesis systems require high precision mechanical
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noveabl e surface which is fixed relative to the region of interest;

b) creati [ of the fiducial marker and first inmage of the

ng a fII‘SfIt et
regi on of ‘i'B"‘iaFM‘éngf"‘%)'? B8t ecting radiation froma radiation source with
a detector when the region of interest and fiducial nmarker are in a first

posi tion rlalaaftrét\aepédt)otthe invastioatthers isprovided anckttiddef deteratingra theeekn a fi r st
det ect or sition relati ), hoving the
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a second posiosyntiresisadlysteimv &he¢ method comgiisasitbastepsipice and novi ng t he det ect or
to a second 20det ector posi tion relative to the radi ati on source; d)

creating a secogzqeng@ﬂg gﬁldu Qﬁ'n;ljk (fik wr‘@%&{ﬁ;ﬁﬁ ?ga%?(gf%igres{r&gﬁe of the

region of inter rng radiation” ation source with
t he det ecttergetwliect bhen aemiveable surfaceavhichtis fixed relativeciodhe regiokef intgresti n t he
second position relative to the radiation source and the detector is in the

second det ect Orb) p&éét%b%r}lrét?r%%é Xfethé f?dl}cﬂ?mraﬁgi' Qﬂd fitSt iﬁﬂﬂé 6Fthe region of
15 interest by detecting radiation from a radiation source with a detector when the region of
interest and fiducial marker are in a first position relative to the radiation source and the

detector is in a first detector position relative to the radiation source;

c) moving the fiducial marker and region of interest relative to the radiation source
to a second position relative to the radiation source and moving the detector to a second

20 detector position relative to the radiation source;

d) creating a second image of the fiducial marker and a second image of the region
of interest by detecting radiation from the radiation source with the detector when the
region of interest and fiducial marker are in the second position relative to the radiation
source and the detector is in the second detector position relative to the radiation source;

25 e) generating corrected second image data for the region of interest utilising a
comparison of the second image of the fiducial marker with information relating to an

expected second image of the fiducial marker, and



25e) generating corrected second image data for the region of interest
uilising a conparison of the second i nage of the fiducial marker with
information relating to an expected second i nage of the fiducial marker;
and 3 f) generating a three-dinensional representation of the region
of interest utilising the first image, or a corrected first inmge data, and
the corrected second i mage data for thegregion of interest. A nethod in
accordance with the first aspect allows for the use of relatively
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An image transform can then be calculated to map a captured image of the fiducial marker
20 to the expected image of the fiducial marker at each predetermined position. This image
transform can subsequently be used to transform captured images of the region of interest
at each predetermined position in order to generate corresponding corrected images of the
region of interest for each predetermined position. In effect, the images are transformed to
correspond to images that would have been taken with the elements of the imaging system

25  if they were in an ideal spatial relationship at each predetermined position.

These corrected images for each predetermined position are then combined by
tomosynthesis techniques to create a 3-D model, or image, of the region of interest.

Thus, the method allows tomosynthesis techniques to be used with existing x-ray imaging
machines used for generating two-dimensional images, which do not otherwise have

30 accurate enough mechanical positioning components to produce good quality three-
dimensional images. In prior tomosynthesis systems, the position of the detector and target
object need to be accurately known to within a fraction of a pixel on the detector, typically

within a fraction of a micron. This requires all of the mechanical components in the



Thus, the nethod all ows tonobsynthesis techniques to be used wth existing
Xeray . magi ng machi nes used for generating two-di nensional inmages, which do
not ot herw se have 30accurate enough nechani cal positioning conponents to
produce good quality three- dinensional inmages. In prior tonosynthesis
systens, the position of the detector and target object need to be
accurately known to within a fraction of, a pixel on the detector, typically
within a fraction of a micron. This requires all of the nechani cal
conponents chi ned
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image of one of the region of interest and the fiducial marker followed by the other of the
region of interest and the fiducial marker is repeated for each predetermined position of the
region of interest, fiducial marker and the detector. The images of the fiducial marker and

30 the region of interest can then be used in the same manner as in the case in which the
fiducial marker is within the region of interest, to provide corrected image data. This is
possible without the introduction of significant error because the movement of the detector
and support for the target object, although not necessarily highly accurate, is typically



and support for the target object, although not necessarily highly
accurate, is typically b5 repeatable in a consistent manner, even when
using inexpensive novenent nmechani sns for these conponents, such as servo
notors. It is also possible to use a fiducial marker provided for the

pur pose, already present on a target object but positioned outside the
region of interest, or even for the support to include 5a fixed fiducial
marker or markers. For exanple, it may be desirable for a manufacturer of
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relating to an expected third i mage of the fiducial 20marker, wherein the
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fiducial n@ikes ctdabfg maa .ﬁllaéé sfrtﬁ@hdm hiaki@R and B thiREMAGEbI thE régwnr&s pondl ng
corrected image data fo he re Il on of | nterest %35 &%l’{ 05|t .
greatel® t h'@tefﬁﬁtrﬁ)éf’aﬁ?t'”?ﬁﬁq'@dfé‘t he SRAINOD; SOHEGR W CtPIf %fegfcﬁ‘t erest,
fiduci al nefrikterestdrd fidletialcharker drBén arthire position relative to the radlatlon source and the

detector is in a third detector position relative to the radiation source; and generating

corrected third image data for the region of interest utilising a comparison of the third image

of the fiducial marker with information relating to an expected third image of the fiducial

20  marker, wherein the step of generating a three-dimensional representation of the region of

interest utilises the corrected third image data.

The method may advantageously comprise generating images of the region of interest and
fiducial marker from many different positions and generating corresponding corrected
image data for the region of interest for each position. The greater the number of

25 predetermined positions for the region of interest, fiducial marker and detector, the more
information can be included in the three-dimensional representation of the region of

interest.

The fiducial marker may comprise a plurality of fiducial marker elements. For example, the
fiducial marker may comprise two, three or more solder balls. The fiducial marker elements
30 may be spaced throughout the region of interest. Arrays of fiducial markers that are
arranged to give information throughout the image, or from an area of the image that shows
errors typical of the whole image, can provide information for the correction of rotation,
scale, keystone distortions or higher order transforms. A single fiducial marker positioned



I nformati on can be included in the three-dinensional representation of the-
region of interest. The fiducial marker may conprise a plurality of
fiducial marker elenents. For exanple, the fiducial nmarker may conprise
two, three or nore solder balls. The fiducial marker el ements 30may be
spaced t hroughout the region of interest. Arrays of fiducial markers that
are arranged to give information througgout the image, or froman area of
the image that shows errors typical of tThe whole image, can provide
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the fiducial “marker each fiducial marker el enent, has rotational

symmetry. This sinplifies the required inmge processing. In a second aspect
of the i nJéMaven forisaple piosessingy B gebericaksfgpedinaeker gel bp ae¢t gueh as a solder
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symmetry. This simplifies the required image processing.

In a second aspect of the invention, there is provided a system for generating a three-
dimensional representation of a region of interest on a target object comprising:

an x-ray source,

20 a support configured to support the region of interest and a fiducial marker of known
geometry and a support transport mechanism configured to move the support;

an x-ray detector and detector transport mechanism configured to move the

detector;

a motion controller connected to the support transport mechanism and the detector
25 transport mechanism, the motion controller configured to supply command signals to the
support fransport mechanism to move the region of interest and fiducial marker from a first
position to a second position and to supply command signals to the detector transport
mechanism to move the detector from a first detector position to a second detector
position, such that x-rays from the x-ray source are transmitted through the region of
30 interest and the fiducial marker to the detector when the region of interest and fiducial

marker are in the first position and the detector is in the first detector position, and when



20a support configured to support the region of interest and a fiduci al

mar ker, of known geonetry and a support transport mechani sm configured to
nove the support; an x-ray detector and detector transport nechani sm
configured to nove the detector; a notion controller connected to the
support transport mechani sm and the detector 25transport mechanism the
nmotion controller configured to supply gonmand signals to the support
transport nechanismto nove the region of interest and fiducial nmarker from
a first pqg Felgfbﬂ otfﬁué}eﬁ%ﬁaﬂdud?matrké?@r@m%é SocoHP BbsitichMaRRElastbasas i to the
detector transport mechanismto nove the detector froma first detector

posi tion ttee secord gplgciaePesiiodr position, such that x-rays fromthe x-ray
source are transmtted through the region of 30interest and the fiduci al
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and when detacks to ggneste imagestobthedegiamal ipterast Ard fidusiakmarksh wherein the MG Nd

positi@n gskesbs isledrhiglreltd:S i n the second detector position; an
| mage processor coupled to the detector configured to receive signals from

the detector to generate i mages of .the regjon of interest and fiducial
mar ker, wher ei r?a[%H'étel m@egﬁgmﬁﬁhq f?“&'%h’f‘?’&ﬁrr'@(ﬁhet%ﬁcmééli’?ﬁr.'}l"ate an
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positign or corrected jmage data for i nt.erest, i.n.the first
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second position.

The system may further comprise a visual display configured to display image data based
15  on signals from the detector, and a user interface, wherein the user interface is configured

to allow a user to select a fiducial marker from within an image on the display.

The detector transport mechanism may comprise a pivotable, arcuate track to which the

detector is coupled. The support transport mechanism may be configured to allow the

support to move independently in three orthogonal directions. The image processor may
20 be configured to carry out any of the method steps of the first aspect of the invention.

In a third aspect of the invention, there is provided a computer readable storage medium
and which enables the user to practice the methods of this invention with an x-ray imaging
apparatus. The x-ray imaging apparatus comprises: an x-ray source; a support transport
mechanism that moves a support for a region of interest and a fiducial marker of known

25 geometry; an x-ray detector; a detector transport mechanism configured to move the
detector; and a motion controller connected to the support transport mechanism and the
detector transport mechanism, the motion controller configured to supply command signals
to the support transport mechanism to move the region of interest and fiducial marker from
a first position to a second position and to supply command signals to the detector

30 transport mechanism to move the detector from a first detector position to a second
detector position such that x-rays from the x-ray source are transmitted through the region



to allow a user to select a fiducial marker fromw thin an i mage on the

di splay. The detector transport mechani sm nmay conprise a pivotable, arcuate
track to which the detector is coupled. The support transport mechani sm nay
be configured to allow the support to nove independently in three

ort hogonal directions. The imge processor may 20be configured to carry out
any of the nethod steps of the first asgect of the invention. In a third
aspect of the invention, there is provided a conputer readable storage
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The computer readable storage medium may also hold executable instructions that, when
executed by a computer processor connected to the x-ray imaging apparatus, control

20 operation of the motion controller. The computer readable storage medium may also hold
executable instructions that, when executed by a computer processor connected to the x-
ray imaging apparatus, carry out any of the method steps of the first aspect of the

invention.

In a fourth aspect, the invention provides a computer readable storage medium in

25 accordance with the third aspect, in combination with one or more fiducial markers that can
be secured in a fixed position relative to the region of the of interest in such a way that the
fiducial markers maintain a fixed position relative to the region of interest when they are

moved with the region of interest.



interest in the first position, and the corrected imge data for the region
of interest in the second position. The conputer readable storage nedi um
may al so hol d executable instructions that, when executed by a conputer
processor connected to the x-ray imgi ng apparatus, control 20operation of
the notion controller. The conputer readable storage nmediummay al so hold
executabl e instructions that, when execygted by a conputer processor
connected to the x-ray inmagi ng apparatus, carry out any of the nethod steps

of the firghertfReRptioH of the Drawfiigs! On. 1n a fourth aspect, the invention
provi des a conputer readable storage nmedi umin 25accordance with the third

aspect, in conbination with one or nore fiducial markers that can be
secur ed i rErabgdiments pigbe invenfionayithhow ke desarihed indigtalinbibvay pfeexafplefnyyy with i n

such a Wayefehice tdbefbebitpaling B kARSs, WRMERI N a fixed position relative to
the region of Interest when'they are noved with the region of interest. 9

Brief Description of the Drawi ngs Enbodi nents of the jnvention will now be
descri bed Fighredisp BChematigaiawing %}E%M‘RSH MRNGNtS RN 8R XY ERANISYEIEM he
acconpanyi ng drawings, in which: Figure 1 is a schematic draw ng show ng

conponent si@RedPa X-208te igbRhRO/isWeSd A Buppbmt SdEE S-rdfsourédad GetéGTRI ri C Vi ews
of a support stage, x-ray source and detector in accordance with an

enbodi mentacEPrdgpee Wiheaseihbodimentof kg Presegtipkeniofls o schematic drawi ng

showi ng the el ements of an imaging systemin accordance with an embodi nent
of the i nvEairk 8Ns a schemdtit AkwindsHowinésthe aleffentsd ahiimbgingéyswnei detordaritet ect or

and a fiduc)al rker; 1?@% ure.5 illustrates sone exenplary fiducial
mar kers; M‘G&ﬁbé%qug“%l‘tﬁ q?i’le%?”am illustrating a nethod in accordance
wi th one enbodi nent of the invention; and

Figure 4 illustrates the field of view of a detector and a fiducial marker,

10  Figure 5 illustrates some exemplary fiducial markers;

Figure 6 is a flow diagram illustrating a method in accordance with one embodiment of the

invention; and

Figure 7 is a flow diagram illustrating a modification to the method shown in Figure 6 in

accordance with another embodiment of the invention.
15  Detailed Description

Figure 1 is a schematic illustration of the basic elements of an x-ray imaging system. The
system shown in Figure 1 comprises an x-ray source 10, which in this system is held
stationary, a moveable support 12 and a moveable detector 14. It is advantageous to keep
the x-ray source stationary as it is a relatively bulky and massive component. It also

20 requires very large power cables which are relatively inflexible and difficult to move. X-rays
from the x-ray source 10 pass through the support and any target objects mounted on the
support, and impinge on the detector 14. Figure 1 illustrates the areas16 on the support
corresponding to the field of view of the detector 14. The field of view of the detector is
selected by a user by the relative positioning of the detector 14, support 12 and x-ray

25 source 10 so that the region of interest of the target object is within the field of view of the
detector. The detector can move to different positions so that different projections can be
taken through objects on the support. In this context, a different projection means that the
x-rays pass through the object on the support in a different direction. The detector 14 is



Figure 7 is a flowdiagramillustrating a nodification to the nmethod shown
in Figure 6 in accordance wth another enbodi nent of the invention.

15Det ai |l ed Description Figure 1 is a schematic illustration of the basic

el ements of an x-ray imagi ng system The system shown in Figure 1 conprises
an x-ray source 10, which in this systemis held stationary, a noveabl e
support 12 and a noveabl e detector 14. QE) I s advant ageous to keep the x-ray
source stationary as it is a relatively bulky and massive conponent. It
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20 projections, and anything between 12 and 720 projections is used in practice.

Generally, the x-ray source 10 includes a tube that generates the beam of x-rays by
accelerating electrons from an electron gun and causing the energetic electrons to collide
with a metal target. In one embodiment, the x-ray source may be a stationary or non-
steerable type of source, which lacks the capability to move the electron beam to strike the
25  metal target at more than one location. The x-rays contained in the beam are sufficiently
energetic to penetrate through the thickness of target objects on the support 12 so that
attenuated x-rays reach the detector 14. The differential levels of x-ray attenuation by the
materials of different density within the region of interest produces contrast in the resulting

image captured by the detector.

30 A typical target object which can be mounted on the support 12 is a printed circuit board
containing electronic components, integrated circuits and bonds between components and

circuit elements. There may be a plurality of circuit boards mounted on the substrate at



for a good quality three dinmensional nodel of the entire region of
interest. In Figure 1, the detector 14 is shown in four different positions
and there are four corresponding regions 16 on the support. It should be
understood that nmany nore positions are possible. A three dinensional nodel
may be constructed from any nunber of 20projections, and anything between
12 and 720 projections is used in practj,ce. Cenerally, the x-ray source 10
}ncludes a tube that generates the beam of x-rays by accel erating el ectrons
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posi t i 2Zhedusers from the harmful effects of x-rays. Mounted on the frame 20 is the x-ray tube 10 for

generating x-rays, and the x-ray detector 14. Between the x-ray source and the detector is

the moveable support 12, later described in detail, adapted to support a target object

l.

having a region of interest to be imaged.

Each pair of feet 21 supports a respective beam 25 of the frame 20. Note that in Figures
25 2B and 2C, the legs 21 and beams 25 are removed to more clearly show other
components. Cross beams 90 rest upon beams 25. The beams 25 and cross beams 90
comprise a generally rectangular perimeter frame. The frame 20 also includes a main
support plate 26 that is attached to the beams 90 in a substantially vertical plane. The
support plate 26 is relatively massive and rigid and comprises the principle structural

30 element of the frame 20.

The x-ray tube 10 is directly mounted to one side of the support plate 26 . The tube 10 is
located centrally with respect of the feet 21 and thus the plate 26 is slightly offset to one
side. On the other side of the support plate 26 is directly mounted the z axis motor 43



Figures 2A - 2C illustrate an exanple of an x-ray apparatus that can be
used with this invention having a support stage, x-ray source and detector.
The apparatus includes a frane 20 that is supported on feet 21, which

t hensel ves are nounted within a cabinet (not shown). This cabinet is of the
usual kind and provides a shielded enclosure to protect 20users fromthe
harnful effects of x-rays. Munted on t frame 20 is the x-ray tube 10 for
generating x-rays, and the x-ray detector 14. Between the x-ray source and
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not or 43 reciprocates shaft 76 vertically. Shaft 76 is connected to X table
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count er vweigfak 3338 -one embodiment, the detector 14 can be moved around the x-ray source from a

15  vertical position, generally in the range of plus or minus 60 degrees to either side of vertical.

In use, the target object containing the region of interest, as well optionally of one or more
fiducial markers, is secured to the upper surface 78 of Y table 12a. The cabinet is closed,
and the x-ray tube is energised to stimulate the production of x-rays. These x-rays radiate
in straight lines from the spot source, and the detector and support are moved until the

20 sample is imaged in the desired orientation. The image may for example be displayed on
an external screen of the cabinet, provided adjacent to suitable controls such as a mouse
and keyboard or one or more joysticks. The relative position to the sample and/or detector
may be moved to image the sample from the desired direction and at the appropriate

magnification.

25 Some current computed tomography products provide a horizontal rotary axis on which the
sample is rotated. This complete rotation provides a good data set due to the complete
rotation of the object but limits the size of the sample that can be used with this type of
equipment. The present invention uses existing machine geometry but provides a conical
path of movement for the sample and detector. This allows larger objects to be

30 reconstructed without cutting them down, but does not provide as complete a data set as

systems which provide for complete rotation of the sample.



10The inner side of the frame conprises a track 33 that follows the
circunference of a circle centred on the x-ray source 10. Munted on the
track 33 is the x-ray detector 14. As best shown in Figure 2C, a notor 44,
via shaft 82, causes the arcuate frame 31 to pivot and notor 45 noves the
detector along track 33. In one enbodi nent, the detector 14 can be noved
around the x-ray source froma 15vert|c1§g p05|t|on generally in the range
of plus or mnus 60 degrees to either side of vertical. In use, the target
obj ect containing the region of interest, as well optionally of one or nore
fiducial markers, is secured to the upper surface 78 of Y table 12a. The
cabinet is closed, and the x-ray tube is energised to stinulate the
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such a0 a activate an image capture process as well as to configure parameters in the operation of

the processor and to select portions of a sample as regions of interest. The detector

supplies image data to the processor continuously during operation, so that the field of view

of the detector can be displayed continuously on the display 51.

The processor 48 may include a memory 49 as shown in Figure 3. Alternatively, or in
25 addition, a memory may be provided in an external device connected to the processor.
Figure 3 illustrates in dotted outline an external computer 52 that may be connected to the
processor 48 and may be configured to provide memory as well as image processing
functions. There may be advantages to having image processing functions carried out on a
separate processor to image capture functions, so that image processing for one region of
30 interest can be carried out at the same time as image capture is carried out on the next

region of interest.



PC. The processor 48 sends instructions to the notion controller 40, which
tthen sends 15control signals to the notors 41-45, as will be described in
nore detail. The processor 48 is also configured to control activation and
deactivation of the x-ray source 46. The processor 48 receives output
signals fromthe x-ray detector 47 and sends corresponding inages to a
display 50. An interface 51 is providedgo allow a user to 20activate an

| mage capture process as well as to configure paraneters in the operation
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20 prowde a set of corrected images and the corrected images are then combined using a

tomosynthesis algorithm to generate a three dimensional model.

The fiducial marker may take the form of an element aiready existing on a target object or
may be an element fixed to the target object, or fixed close to the target object on the

support on which the target object is mounted, prior to the imaging process.

25  Figure 4 shows an exemplary region of interest on circuit board. This particular region of
interest includes an integrated circuit component 60 as well as a ball grid array 61
comprising a plurality of solder balls used for bonding components to the underlying
integrated circuit board. Another region of interest could be much smaller, comprising one
or two solder balls for example. The solder balls 61 can be used as effective fiducial

30 markers as they can be assumed to have a spherical geometry. One, two or more solder
balls may be used as a fiducial marker. In practice, using several solder balls is beneficial
as the solder balls are not absolutely spherical. Using multiple solder balls as fiducial
markers reduces any error associated with their imperfect symmetry. Other existing



150f interest and detector. In the present invention, this problemis
overconme by using a fiducial marker or markers. |nmage processing techni ques
are then used to alter captured images to correspond to how t hose i nages
woul d | ook were the conponents accurately positioned. Instead of accurate
control of the noving parts of the system corrections are applied to
captured i mages to 20provide a set of csgrected i mages and the corrected
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to solder balls. In addition, the nore conplex but predictable geonetrles
of conponents such 5 as Quad-Fl at No-Lead packages can be utilise

Al t er nat i vEMS/fiducialimarkers 'ﬁﬁtgpé@séadéw%é‘aa'men?@ Al mskess rP&ythSéd%Q@tF These

fiducial some height to them. They are formed so as to have similar x-ray absorption to the

15 components of the region of interest and so may have similar density, material properties
and thickness to components in the region of interest. Advantageously they are made with
as low a height as possible in order to minimise obscuring of the region of interest.

The fiducial markers in Figures 5d and 5e are spherical markers (although they could
equally be discs). Suitable spherical markers, of between 100um and 0.8mm in diameter,
20 can be obtained from suppliers for bearings used in instrumentation. These bearing are

more perfectly spherical that solder balls and so make better fiducial markers.

As will be described, the fiducial marker or markers may be within the imaged region of
interest or may be outside the imaged region of interest. Whichever arrangement is used,
the fiducial markers must be recognisable within each projection. This recognition is done

25 automatically using image recognition techniques incorporated into the software running on
the processor. The expected image of the fiducial maker or markers may be compared to
the captured images of the fiducial maker or markers within the imaged region using a
correlation approach such as provided by the VisionPro software product of , Cognex
Corporation, 1 Vision Drive, Natick, MA 01760-2059, United States. This software

30 calculates a transform between the expected and captured images of the fiducial marker at
a predetermined position of the fiducial marker between the source and detector. That
transform can then be applied to the captured image of the region of interest at that



markers may be fixed to the target object or to the support close to the
target. object. Figures 5a to 5e illustrate sone exenplary fiducial marker
shapes. The fiducial marker may be fornmed from any suitable naterial opaque
to x-rays at the typical energy |evels used. 10The scale of the fiducial
mar ker used needs to be appropriate for the field of view and object under
i nspection and so a variety of differenfs size fiducial markers nmay be
provi ded together with the x-ray equi pnent or software package. The
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20 image processing, the detector in the described embodiments is constrained to move to
positions on a circle in an x-y plane above the region of interest, so that all projections are

taken at the same angle to the vertical.

The user also selects the number of projections to be taken, and the choice may be a
balance between time constraints and the required detail in the final three dimensional
25 model. Any humber may be used, although it is typically between 12 and 720 projections.

For exampie, if the user sélects 72 projections to be taken, selects an angle of 30° from the
vertical, and a particular magnification, the processor calculates 72 different relative
positions for the x-ray source 10, support 12 and detector 14 according to those
parameters. The result will be the initial position of the support 12 and detector 14 and 71

30 different positions to which the support 12 and detector 14 would be moved equally spaced
around a circular path, defining a cone angle of 30° with respect to the x-ray source. The
71 positions would be the predetermined positions through which the support 12 and



Figure 6 illustrates the steps of an imaging nethod in which the fiducial
nmarker, is wthin the region of interest. After the process is started in
step 600, the user can select, in step 605, various operating paraneters,
such x-ray tube accel erating voltage and power, the nunber of projections
(i.e. images) to be taken, the angular range fromthe vertical that the
detector 1014 (and support 12) travels ross as the i mages are taken, and
the magnification. As can be seen in Figure 2A - 2C, the detector can nove
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25 625. In this embodiment the fiducial marker is within the region of interest and so within the
selected field of view. To select the fiducial marker, the detector and support are now
moved from a position directly, or vertically, above the x-ray source to an initial position
which places them at the desired angle from vertical for the first projection. The fiducial
marker is selected on screen using the user interface. The user may identify the fiducial

30 marker using a cursor or dragging a box or boxes around a portion or portions of the field of
view on the display screen. With the support 12 and detector 14 in their initial positions, a
first image of the field of view containing the region of interest is then recorded by the
detector in step 630 and stored in memory 49. The portion or portions of the image
selected as fiducial markers by the user are also stored in memory 49. The image and



10l n step 620, the user nust select the field of view of the detector. As
expl ai.ned, the field of view nust include the region of interest of the
target object. The field of viewis preferably |arger than the region of
interest, as the quality of the three dinensional nodel produced is
greatest in the centre of the field of view and relatively poor at the
corners and edges where part of the objgct of interest may not be seen in
all the projections, but no larger than 15necessary for a good quality
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and 645 being repeated n times). After all the required images have been recorded, a

(Figure 6 illustrat

signal is sent from step 640 to step 660 to generate the 3D model of the region of interest

from the corrected images of the region of interest.

The calculation of the expected images of the fiducial marker is shown as step 650. As

25 already described, the desired spatial relationship between x-ray source, region of interest
and detector for each projection is calculated based on the parameters set by the user. So,
based on the spatial relationship and knowledge of the geometry and position of the fiducial
marker, expected images and positions of the fiducial marker can be calculated for each
position. In this example, the fiducial marker is assumed to have a rotational symmetry

30 about the vertical axis and the detector constrained to move around a circular path of fixed
cone angle with respect to the x-ray source, so that the fiducial marker appears the same
size and shape in each projection, with only its position within the field of view changing.
However, the fiducial marker may have a more complex geometry if desired. A description



5Using this information it is possible to cal cul ate an expected i nage and
position of the fiducial markers at the projection taken at each

predet erm ned position. The support 12 and detector 14 nust then be noved

t hrough each of the predeterm ned positions in order to record an inage of
the region of interest and fiducial marker at each position. As previously
descri bed, the position of the support and detector 14 for each
10projection is calculated by the processor 48 based on the paraneters set
by the us I Ol d 72
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cal culations ¢ ed out f ed
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or seqEent stap 640,40 yénerate a|thra.g(ehmenstoualen@deép@thG%lQrmf@ﬁ&eSStTé1956mgnay al so
can be combined using a tomosynthesis algorithm, such as the ReconPro reconstruction

solution offered by Prexion Inc., referenced above.

The three dimensional model is then made available for viewing by the user on the display
50 and different slices through the model may be selected for viewing by the user using the
25 user interface 51 in order to look for defects such as the level of voiding within a joint and
incomplete solder joints. This defect analysis is useful both for optimising manufacturing
processes and for process control by checking that manufactured items are remaining

consistent and meeting quality thresholds.

Figure 7 illustrates a modification of the method shown in Figure 6, which allows the use of
30 afiducial marker outside of the region of interest. If, for example, the region of interest is
densely covered with electronic components, a fiducial marker may be positioned outside

the region of interest but on the same substrate or directly on the support. The method in



5be carried out on a separate processor 52 to the inmage capture processing,
as described with reference to Figure 3. In step 655, for each
predet erm ned position, each of the expected i mages of the fiducial marker
or markers is conpared to the correspondi ng captured i nage of the fiducial
mar ker. For each predeterm ned position, the processor 48 (or 52)
calculates a transformto map 10the capjpured image of the fiducial marker
or markers onto the expected image. This is done by identifying specific
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In
move the support between the position of the field of view for the region of interest and

the position of the field of view for the fiducial marker, under control of the x and y motors
20 41, 42.

The image capture process then proceeds by recording an image of the field of view
containing the region of interest followed by an image of the field of view containing the
fiducial marker for each predetermined position of the detector and region of interest. In
step 705 an image of the region of interest is recorded for the first predetermined position.

25 The support is then moved in step 710 using the stored x and y offset signals, while the
detector is held stationary relative to the x-ray source, so that the fiducial is in the first
predetermined position. A first image of the field of view containing the fiducial is then
recorded in step 715. It shouid be appreciated that step 700 may be carried out after step
710 instead of beforehand, and in practice this may be more convenient for the user. It

30 should also be appreciated that the fiducial marker may be imaged before the region of
interest instead of after it for each predetermined position of the region of interest and
detector.

In step 720 both the detector and the support (i.e. the region of interest) are moved to the

next predetermined position corresponding to the next projection of the region of interest. In



t he enbodi nent of Figure 7 includes the sane initial steps 600 to 620 shown
in Figure 6. Figure 7 shows only the subsequent steps in the nethod. In
step 700 the fiducial marker nust be identified by the user. This requires
changing the field of view of the detector fromthe field of view selected
for the region of interest in step 620 to a field of view 5enconpassing the
fiducial marker. To do this, using the quser interface 51 and screen 50, the
user controls the novenent of the support 12 (ideally within the same XY
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In step 73
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the same and the resulting movement is the same. With regard to step 730, it shouid be
appreciated that it may be the detector rather than the support that is moved between the
30 region of interest and the fiducial marker while the support remains stationary. In the
mechanism shown in Figure 2 it is preferable to keep the detector stationary and move the
support as the movement of the support is more repeatable. However that may not be the

case with different mechanical arrangements.



10is sent fromstep 722 step 752 generate the three dinensional nodel. In
step %40, the calculation of expected inmages of the fiducial nmarker is
carried out in the sane manner as described with reference to Figure 6. In
step 745, for each predeterm ned position, each of the expected inages of
the fiducial marker is conpared to the correspondi ng captured i nage of the
fiducial marker and a transformis calcyj ated for each 15 captured inmage to
map it onto the expected i mage. The same techni que may be used as descri bed

with ref er datnﬂoﬁ: h Eéén%esgﬁb%d%ﬁtﬁ'?éffeferngé fd}farl‘?&lé'ﬁ eRbBGRlcAlsThRRRNBAI ti on
is then ap to t correspondi ng captured I mages of the region of

i nterest tke Q\j@ﬁiéh%ﬂ@f’qudé@ﬁ@ﬂ'sm?é{d@sm e toffee ?VéEﬁ"bﬁnQ)'F‘eﬁhﬁ? WP&%?S'W%ﬁheeach

predet er Mgk RAsHivd %hce& For éx%ﬁfp%ddi\‘fgiéﬁﬁsﬁfenishﬁa)f Kt 16 mbvidthe $drgéts
generated for each er%ec ion fol | ow revi ously

ment i oned, RIFFEANGINE dgiRefor; tEatr"@quP%ﬂ'ﬁﬁ'%"E?r@ﬁs '?‘ése qugﬁﬂ%{:%%ureégﬁ 95t i mages

for alls prieéberr@ésm dlék $iefent uspasthage oheiable Aiplidial ethrkdrb alldwsicdtrectedge and
subsequent. corre ed | s are then conmbined in a tonbsynthesis algorithm

in step 7562885 {9 ‘three di mensi onal nodel of the region of

i nterest. Separate |nag|ng of the region of interest and the fiducial
marker is practical with relatively 25 inaccurate positioning nechani sns,
provi ded the nmovenent of the support is repeatable. So while it nmay not be
possi ble to accurately nove the support for each novenent of the fiducial
mar ker to the predeterm ned positions of the region of interest, the
control signal is the sane and the resulting novenent is the sanme. Wth
regard to step 730, it should be appreciated that it may be the detector
rat her than the support that is noved between the 30region of interest and
the fiducial marker while the support remains stationary. In the mechani sm
shown in Figure 2 it is preferable to keep the detector stationary and nove
t he support as the novenent of the support is nore repeatable. However that
may not be the case with different nechanical arrangenents. 22 The

i nvention has been described with reference to particul ar enbodi nents, but
it should be clear that many nodifications nmay be made to the system and
met hod whil e using the sanme inventive concept. For exanple, different
systens may be used for noving the target object and the detector, that
introduce different errors in the resulting captured i mages. 5Regardl ess of
the systemused, the use of suitable fiducial markers allows corrected

i mges to be generated. 23 Clainms 1. A nethod of generating a

t hree-di nensi onal representation of a region of interest



on a target object, conprising the steps of: a) identifying a
fi duci.al marker of known geonetry in a region of interest of the 5target
object or on a noveable surface which is fixed relative to the region of

i nterest; b) creating a first imge of the fiducial marker and first
mage of the region of interest by detecting radiation froma radiation
source with a detector when the regi ondﬁf interest and fiducial nmarker are
inafirst position relative to the radiation source and the detector is in
a first deggh®r Position relative to the radiation source; 10c) noving the
fiducial marker and region of interest relative to the radiation source to
a second position relative to the radiation source and novi ng the detector
to a secontd detfemethod obgenerating mghrgeidireensipnahiepiegentatianay ageqier ef interest d)

creating g, sLeARM objBBIEorbrisiHdthd sidpsi@l marker and a second inmage of the

region of 1 nterest by detecting radiation fromthe radiation source with
the detector when the 15region of interest and fiducial marker are in the
second positi orf)identiyingea fidgciahyearkerdf kaowhoesateydn arepieref inferestefdhe is in the

second gletgfePbbiRQdk bh QdvehiE s¥ifack WhidhGs fidsdl refati to3RIFegRn of interest, €)
generating corrected second image data for the region of interest utilising

a conparison of the second image of the fiducial marker with information
rel ating to an Rxpetingd feedmacr oiitaglidusil maeker arg frstimage pidhe redignrf2of )

gte _nle_r at i ngltwt%rés]?bF@etQ&tlﬁ@ﬁé&i@t%'frdnﬁﬂmgﬁ géd;r_e@w?ﬁ atdbﬁécfoew'{m@mtr@frg@m er est
utilising the fir i e, Or a correcte st imge. data, an e
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accor di ng detedtdrds im slfirstvdetsotorpositien rettibeoth the ngaliatisr soywkeci ng a fi duci al

mar ker on the region of interest or on the noveable surface. 253. A net hod

accordjng to claim11, wherein the fiducial rker i.s wthin. I rage of
t he re{f{]on of i‘ﬁm@gtthe ﬁc&‘&'ﬁ?% 4 Sqod'ieﬂ'(?nfof ﬁ??é?s Irelﬁtﬁ’lg Iz%ihez{ﬁ%fgtgo%ﬁ% gEt% i mage
of the rego@sesbnd pdsitioaselatvertp thesadiatiml stiurog and moving the detector to a second

detector position relative to the radiation source;

d) creating a second image of the fiducial marker and a second image of the region
of interest by detecting radiation from the radiation source with the detector when the
15 region of interest and fiducial marker are in the second position relative to the radiation

source and the detector is in the second detector position relative to the radiation source;

e) generating corrected second image data for the region of interest utilising a
comparison of the second image of the fiducial marker with information relating to an

expected second image of the fiducial marker; and

20 f) generating a three-dimensional representation of the region of interest utilising the
first image, or a corrected first image data, and the corrected second image data for the

region of interest.

2. A method according to claim1, wherein the method comprises placing a fiducial

marker on the region of interest or on the moveable surface.

25 3. A method according to claim 1, wherein the fiducial marker is within each image of

the region of interest.

4. A method according to claim 1 or 2, wherein each image of the fiducial marker is

separate from each image of the region of interest, and wherein the step of creating a first



the detector in a first detector position while noving the region of
interest and fiducial marker sequentially to the first position. 5. A

met hod according to claim4, wherein the step of creating a second i nage of
the 5fiducial marker and a second imge of the region of interest is
carried out after the step of creating a first inmage of the fiducial marker
and creating a first image the region odginterest. 6. A nethod according to
any preceding claimfurther conprising t%e steps of: creating a

third i magﬁ]agte of the fibilislal Ghaker BRH lsemsmﬁé%@ofttﬁe feBiohORGeredt chRBriseRdoRihgOf
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rel ative tmaﬁkbequ@dht@l Ithé kst pesitond t he detector is in a third detector
position relative to the radiation source; and generating corrected

third i mage data for the regl on of mtere}s“te utilisi ng a co arlsoaf of the
third i mag® of 4 Methad@geerdind teeiriar4.herein lesterafictating A 67979 189&H 1B pect ed
third israggduefal tnb:kef hritli€ sedondBnigRY of tHerehion &f interése lsséafrﬁladxfut gReranastepof a
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known geonetr trans sm con ure nove the
support; detector is in a third detector position relatlve to the radiation source and

generating corrected third image data for the region of interest utilising a
comparison of the third image of the fiducial marker with information relating to an expected

third image of the fiducial marker,

15 wherein the step of generating a three-dimensional representation of the region of

interest utilises the corrected third image data.

7. A method according to any preceding claim, wherein the fiducial marker comprises

a plurality of fiducial marker elements

8. A method according to any preceding claim wherein the expected second image of
20 the fiducial marker is calculated based on an assumption that the fiducial marker, or each

fiducial marker element, has rotational symmetry.

9. A system for generating a three-dimensional representation of a region of interest

on a target object comprising:
an x-ray source,;

25 a support configured to support the target object and a fiducial marker of known
geometry and a support transport mechanism configured to move the support;

an x-ray detector and detector transport mechanism configured to move the

detector;



an x-ray detector and detector transport nechani smconfigured to nove the
det ect.or; 25 a notion controller connected to the support transport
mechani sm and the detector transport nechanism the notion controller
configured to supply conmand signals to the support transport nechanismto
move the region of interest and fiducial marker froma first position to a
second position and to supply conmand s% gnals to the detector transport
5mechanismto nove the detector froma first detector position to a second
detector posi tiARofddnirBIR cdnredity td fh@reubsv& tarfsBrt Afddhaar bRd fne Rk t ed
through the region of interest and t duci al marker to the detector when
t he regi oriransperhineghanism fap mpmrhqoatroliﬁapkrélgumdéo ByPRIheorpmang signals toithh  and
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first 15 position |rrage|n ormation 0 generate a secon mage of the
regi on of firsitposition image l@fomlgn@andrvd@@ tog retgio@ of interestaand figdi@d manksr age inhe
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configured to: calculate an expected image of the fiducial marker in the
second posTatgae to generate secondnosiligh EnageceiPreRlit8d second i mage of the region
of interest using a conparison of 20t he expected i mage of the fiducial

marker in the spGRage Bﬂ;%éégopeouﬂetdhomedes@&mnﬁgmaﬁoqécémhé fn@ﬂﬁdsﬁionﬁﬁr ker;
and %enerate a three-di nensi gnal] represent a%| 0

i nterest JMeEF &foigationand the secopdposiyen mage "ga'inéﬂﬁ'oB ro"nntp%p%tg{:}or %E?fﬂeect ed
i mage dat aa firefinfabe of the ségioBfgRte@kst dritea fireGimage of the IﬁH@chﬂ.‘?ﬁarkéimldmg ke fiestr r ect ed

d f. th f 2510, | 9,
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interface thg "ﬁe& %%ggrdworﬁgh%wﬁ user to sel ect a fiduci al _mar ker from

within an ima A system according to claim9 or 10,
wherein the det ector transport nechani sm
calculate an expected image of the fiducial marker in the second position,

generate a corrected second image of the region of interest using a comparison of
20 the expected image of the fiducial marker in the second position with the second image of
the fiducial marker; and

generate a three-dimensional representation of the region of interest utilising the
first image of the region of interest ,or corrected image data for the first image of the region

of interest, and the corrected second image of the region of interest.

25 10 A system according to claim 9, further comprising a visual display configured to
display image data based on signals from the detector, and a user interface, wherein the
user interface is configured to allow a user to select a fiducial marker from within an image
on the display.

11. A system according to claim 9 or 10, wherein the detector transport mechanism
30 comprises a pivotable, arcuate track to which the detector is coupled



30conprises a pivotable, arcuate track to which the detector is coupled
12. JA.system according to any one of clainms 9 to 11, wherein the support
transport nechanismis configured to allow the support to nove

i ndependently in three orthogonal directions. 13. A conputer readable
storage nediumfor use with an x-ray inmagi ng apparatus, the 5x-ray inmaging
apparatus conprising: an x-ray source; g support transport nechani smthat
noves a support for a region of interest and a fiducial marker of known

) try; - : i t : ' j dt
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nove the detector, motion controller connecte ~the support

t ransport meshiaaismdsrcenfgureddo aiéavelbe suprartda sprye independentlysimthrenerthedangh
control | ergieesdnsgured to supply command signals to the support 10transport
mechanismto nove the region of interest and fiducial marker froma first

. position to a second position and to supply command signals to the detector
transport Techdhtosmputes raprable sierage mediupyfor issivith an Xy iHagieg BRRAFBSItRS on to
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det ect or VRRMFSEATRLPPYGIOHA redion piaiPEst kN UCHLEREPT AR"RWP 95PBSI 3PHE4Y | r st
15posi t i ordetentbr} deteciattetisport mechanistrheonfigursd tambecthe deteotor;tandm, mativd when t he
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corrput er processor tQ_S request user tO select a region o I nt e,rest and
sel ect a ftp@wserend pasitiea and to supply cgemmang sinpisde the detectardraperridnechanismt er est

and the fitgudyalndidté@sr ftdtn b At bétbstbr oaflioR & 2 86CARA TelecRP PodirasicR that RCei ved
i mage data, generate an expected inage e fiducjal nar ketrﬁplgaut,r]e second
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. e correc or the region
of i nt er estxetuted hya30meutenpropessiot thehis connected to the x-ray imaging apparatus, cause

the computer processor to:
20 request a user to select a region of interest and select a fiducial marker;

generate images of the region of interest and the fiducial marker in the first and

second positions based on received image data,
generate an expected image of the fiducial marker in the second position,

generate corrected image data for the region of interest in the second position using
25 acomparison of the expected image of the fiducial marker in the second position with the

image of the fiducial marker in the second position;

generate a three-dimensional representation of the region of interest utilising an
image of the region of interest in the first position or corrected image data for the region of
interest in the first position, and the corrected image data for the region of interest in the
30  second position.



14. A conputer readabl e storage nmedi um according to claim13, hol ding
exeout.abl e instructions that, when executed by a conputer processor
connected to the x-ray inmagi ng apparatus, control operation of the notion
controller. 15. A conputer readable storage nediumin accordance with
¢laim113 or 14 in 5conbination with one or nore fiducial markers suitable
for placenent on a electronic circuit bgard.

14. A computer readable storage medium according to claim 13, holding executable
instructions that, when executed by a computer processor connected to the x-ray imaging

apparatus, control operation of the motion controller.

15. A computer readable storage medium in accordance with claim 13 or 14 in
5 combination with one or more fiducial markers suitable for placement on a electronic circuit
board.



