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(57) ABSTRACT 

A method of registering and Vertically aligning multiply 
layered images into a mosaic is described. The method com 
prises performing an iterative process of Vertical alignment of 
layers into a mosaic using a series of de?ned alignment cor 
respondence pairs and global registration of images in a layer 
using a series of de?ned registration correspondence points 
and then rede?ning the identi?ed alignment correspondence 
pairs and/or registration correspondence points until a satis 
factory result is obtained. Optionally, an initial global regis 
tration of each layer could be performed initially before com 
mencing the alignment process. The quality of the result 
could be determined using a least squares error minimization 
or other technique. 
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METHOD OF REGISTERING AND ALIGNING 
MULTIPLE IMAGES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation under 35 U.S.C. § 111(a) of 
US. Ser. No. 11/201,233 ?led Aug. 10, 2005, and claims 
priority of CA 2,507,175 ?led May 13, 2005, incorporated by 
reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a method of regis 
tration and vertical alignment of multiple images, and more 
speci?cally to a vertical alignment method Whereby tWo or 
more mosaicked images represent separate layers of a com 
mon object in a stacked overlay con?guration. 

BACKGROUND OF THE INVENTION 

[0003] The creation of an image mosaic is a powerful ana 
lytical tool When observing large areas in ?ne detail. It is often 
necessary, When tracking ice drifts or the movement of geo 
graphical features, to mosaic multiple photographs With a 
common resolution, into a single image that shoWs the entire 
area of interest. These mosaics typically occur only in tWo 
dimensions, Where the images are mosaicked only along the 
Width and length of the image. 
[0004] Integrated circuits (ICs) are sometimes analysed 
using similar techniques, in order that the IC may be reverse 
engineered or examined for quality control. ICs are made up 
of multiple layers of semiconductor and metal, overlaid on 
top of one another in order to create interconnected circuitry. 
When analyzing these devices, multiple images of each layer 
of the IC are collected in a matrix pattern of roWs and columns 
and then “stitched” together to form a mosaic. In performing 
the analysis, one can examine the mosaic of each layer of the 
IC, and understand the interconnections of the overall circuit. 
Alternatively, to save time, one can overlay partially trans 
parent mosaics of each layer to more clearly understand the 
interconnections of the overall circuit. HoWever, as there Will 
be small errors betWeen the layers in the alignment of the 
overlaid images in each mosaic, this may introduce errors in 
the analysis. 
[0005] A procedure called pair-Wise registration, Which is a 
Well-known technique in the art, is used to digitally stitch 
together the images on a common plane by minimizing reg 
istration errors. Pair-Wise registration accomplishes this 
through calculation of the relative image coordinates of a pair 
of images, and the selection of a single pair of corresponding 
points betWeen the tWo images. More images may be pair 
Wise registered by applying a similar technique to another 
image and the previously registered image pair. Such a reg 
istration can be performed by techniques described in the 
paper “A survey of image registration techniques” by L. 
BroWn, ACM Computing Surveys, Vol 24, Issue 4, 1992, 
incorporated by reference herein. 
[0006] Global image registration alloWs for the ?nding of 
relative coordinates of overlapped images, in order to com 
pensate for errors introduced by the image acquisition sys 
tem. When the images are globally registered, all of the 
images to be registered are manipulated until a registration is 
achieved that minimizes and distributes the registration errors 
betWeen them and across each image. This can be done by, for 
example, using least squares energy minimization. The 
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details of least squares based energy minimization are given 
in Chapter One of the Proceedings of Sixth Annual PIMS 
Industrial Problem Solving Workshop, 2002, Paci?c Institute 
for Mathematical Sciences, Which is incorporated by refer 
ence herein. 

[0007] HoWever, the prior art does not address several 
issues. In some cases, there is not enough information in the 
overlapping section of the images to de?ne relative coordi 
nates With enough precision. Alternatively, there may be no 
overlapping section, due to issues With the image acquisition 
system, or erroneous pair-Wise registration. The presence of 
such erroneous relative coordinates adversely affects the 
quality of registration of large numbers of nearby images, as 
the error is distributed by the energy minimization procedure 
across the image. 
[0008] Also, When different mosaics, shoWing the same 
area but in relation to different layers, are registered indepen 
dently of one another, it may happen that error Will be accu 
mulated such that vertical alignment of these tWo mosaics 
Would be impossible Without changing the Way they Were 
registered, Which the prior art does not consider. 
[0009] As Well, in the prior art, there is no Way to collect 
human operator feedback or integrate inspection results as to 
the ?t of the registration. Thus, should the results of the 
energy minimization approach be unacceptable, an operator 
may have to move a large number of images manually. 
[0010] Therefore, a need exists in the art for an image 
mosaicking algorithm that Will compensate not only for reg 
istration errors Within a single layer, but also alignment errors 
across multiple layers of the same area in an overlay con?gu 
ration that Will alloW for inspection and correction of both the 
registration and alignment of the constituent images. 

SUMMARY OF THE INVENTION 

[0011] The present invention provides an improved regis 
tration method to compensate for alignment errors in multiple 
layer mosaicking applications. 
[0012] According to a ?rst broad aspect, the present inven 
tion provides a method of creating a horizontally registered 
and vertically aligned multiple-layered mosaic of images of 
an object, comprising the steps of: a) for each layer of detail 
of the object to be imaged: i) capturing the detail of the layer 
in a series of overlapping captured images; ii) performing 
pair-Wise registration of the captured images of the layer into 
a mosaic; and iii) performing global registration of the mosaic 
of the layer, into an optimised mosaic layer; b) identifying at 
least one alignment correspondence pair, located on an image 
on a ?rst optimised mosaic layer and on at least one image on 
a separate optimised mosaic layer, so that the ?rst layer may 
be more accurately aligned With the other layers using the at 
least one alignment correspondence pair; and c) iteratively: 

[0013] i. Performing alignment and global registration of 
all of the optimised mosaic layers into a substantially 
aligned mosaic, using the identi?ed alignment corre 
spondence pairs and the registration correspondence 
points associated With each optimised mosaic layer; and 

[0014] ii. Rede?ning the identi?ed alignment correspon 
dence pairs; 

[0015] until the alignment of the layers is optimized. 
[0016] According to a second broad aspect, the present 
invention provides a method of creating a horizontally regis 
tered and vertically aligned multiple-layered mosaic of 
images of an object, comprising the steps of: 
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a. Capturing the detail of each of the layers in a series of 
overlapping images; 
b. Performing pair-Wise registration of the captured images of 
each of the layers into a mosaic; 
c. for a plurality of layers of detail of the object to be imaged: 

[0017] i. identifying at least one registration correspon 
dence point, each located on tWo images, so that a cap 
tured image may be more accurately registered With the 
other images on the same layer using the at least one 
registration correspondence point and identifying at 
least one alignment correspondence pair, located on an 
image on a ?rst layer and on at least one image on a 
different one of the plurality of layers, so that the ?rst 
layer may be more accurately aligned With the other 
layers using the at least one alignment correspondence 
pair; 

[0018] ii. iteratively: 
[0019] A. performing global registration of the cap 

tured images of each of the plurality of layers into a 
mosaic, using the identi?ed registration correspon 
dence points for the layer and performing alignment 
of all of the plurality of layers into a mosaic, using the 
identi?ed alignment correspondence pairs; 

[0020] B. rede?ning the identi?ed registration corre 
spondence points for each of the plurality of layers 
and the identi?ed alignment correspondence pairs; 

[0021] C. until the registration and alignment of the 
plurality of layers is optimised; and adding at least 
one layer to the plurality of layers; 

[0022] until the alignment of all of the layers of detail 
of the object is imaged and optimiZed. 

[0023] According to a third broad aspect of an embodiment 
of the present invention, there is disclosed a method of creat 
ing a horiZontally registered and vertically aligned multiple 
layered mosaic of images of a portion of an object, compris 
ing the steps of: 
[0024] (a) for each layer of detail of the portion of the object 
to be imaged; (i) capturing the detail of the layer in a series of 
captured images; (ii) performing pair-Wise registration of the 
captured images of the layer into a mosaic; (iii) identifying at 
least one registration correspondence point, associated With 
at least tWo images; (iv) performing global registration of the 
mosaic of the layer, into an optimiZed mosaic layer using the 
identi?ed registration correspondence points associated With 
the layer; and (v) rede?ning the identi?ed registration corre 
spondence points for the layer; 
[0025] (b) Identifying at least one alignment correspon 
dence pair, located on an image of a ?rst optimised mosaic 
layer and on at least one image on a separate optimiZed 
mosaic layer; and 
[0026] (c) Iteratively: 

[0027] (i) performing alignment and global registration 
of all of the optimised mosaic layers into a substantially 
aligned mosaic, using the identi?ed alignment corre 
spondence pairs associated With each optimiZed mosaic 
layer; and 

[0028] (ii) rede?ning the identi?ed alignment correspon 
dence pairs and the identi?ed registration correspon 
dence points; 

[0029] until the alignment of the layers is optimiZed. 
[0030] The registration method of the present invention 
may further comprise a noti?cation means to inform a human 
operator of the need to inspect outliers (points of correspon 
dence Which fall outside of the norm) or loW con?dence pairs 
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and apply user-de?ned registration correspondence points 
and/or alignment correspondence pairs. 
[0031] Other aspects and advantages of the invention, as 
Well as the structure and operation of various embodiments of 
the invention, Will become apparent to those ordinarily skilled 
in the art upon revieW of the folloWing description of the 
invention in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] The invention Will be described With reference to the 
accompanying draWings, Wherein: 
[0033] FIG. 1 (PRIORART) is a representational vieW of a 
matrix of images in a roW and column con?guration 
[0034] FIG. 2 (PRIOR ART) is a partial representational 
vieW of tWo overlaid layers of the type shoWn in FIG. 1. 
[0035] FIG. 3 is a How chart illustrating the steps for reg 
istering a number of images into layers and aligning a number 
of vertical layers While searching for alignment errors, in 
accordance With a ?rst aspect of the present invention; 
[0036] FIG. 4 is a How chart illustrating the steps for reg 
istering a number of images into layers and aligning a number 
of vertical layers While searching for alignment errors, in 
accordance With a second aspect of the present invention; 
[0037] FIG. 5 is a representational vieW of tWo layers of 
image grids having points of correspondence betWeen them 
in accordance With an embodiment of the present invention; 
[0038] FIG. 6 is a photograph of an overlapped pair of 
images shoWing substantial registration error; 
[0039] FIG. 7 is a photograph of the pair of images depicted 
in FIG. 6 after relative coordinates hadbeen corrected accord 
ing to the results of pair-Wise image registration in accor 
dance With the embodiment of FIG. 3; 
[0040] FIG. 8 is a photograph of a pair of overlapped 
images Where the overlapped region does not contain enough 
information to perform pair-Wise registration; 
[0041] FIG. 9 is a photograph of the pair of overlapped 
images of FIG. 8, shoWing tWo different results of the pair 
Wise registration procedure; 
[0042] FIG. 10 is a mosaic photograph of four images that 
are missing an overlapping area; and 
[0043] FIG. 11 is a photograph of a layer of metal from an 
integrated circuit, shoWing the presence of vias. 

DETAILED DESCRIPTION OF THE INVENTION 

[0044] For purposes of explanation, speci?c embodiments 
are set forth to provide a thorough understanding of the 
present invention. HoWever, it Will be understood by one 
skilled in the art, from reading this disclosure, that the inven 
tion may be practised Without these speci?c details. More 
over, Well-knoWn elements, devices, process steps and the 
like are not set forth in detail in order to avoid obscuring the 
scope of the invention described. 
[0045] In cases Where a substantially planar object is to be 
imaged and the vieWing area of the imaging device is smaller 
than the object area, the imaging may for example, be done in 
a three-dimensional matrix of images in the form of a plural 
ity of layers 10, each comprising a matrix of smaller images 
corresponding to the vieWing area of the imaging device, as 
shoWn in FIG. 1 . An imaging system (not shoWn) designed for 
gathering images in such a fashion and knoWn to those having 
ordinary skill in this art, captures each image and assigns it a 
set of coordinates. If each image 12 is represented as (k, i, j) 
Where k is the layer number, i is the column number and j is 
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the roW number of the image Within the matrix corresponding 
to the layer, then the image Will be assigned coordinates 60f”) 
as de?ned by the imaging system used. The images may 
slightly overlap 14, in order to provide some points of refer 
ence for registering the images having a common column 
and/ or roW together. 

[0046] The coordinate space de?ned by the imaging system 
may depend on the speci?c settings used by the imaging 
system. For example, one system may de?ne the scope of the 
image taken in terms of a global (x,y) coordinate reference 
point corresponding to a knoWn point Within the vieWing area 
of the imaging device, and a magni?cation level to be applied 
to all images in the matrix. Alternatively, the imaging system 
may de?ne the image scope by the global (x,y) coordinate 
reference point and a rotation or an af?ne transform (a trans 
form of coordinates needed to arrive at a neW point). For 
example, one could introduce a coordinate system With the 
origin in the center of the vieWing area. The af?ne distortion 
transformation could be denoted by: 

[0047] Since the distortion is small, M should be close to 
the identity matrix 12. We denote M:l2+E, Where E is a small 
matrix. Those having ordinary skill in this art Will neverthe 
less readily recognize that different Ways of de?ning the 
coordinate space de?ned by the imaging system may be used 
Without departing from the scope of the invention. 

[0048] Unfortunately, imaging systems are not perfect, and 
may de?ne 60f”) With some error. 

[0049] Being a physical process, image capture inherently 
introduces distortions in the registration, Which may be suf 
?cient to affect the correctness of the overall mosaic. Such 
distortions include shifts, rotations, dilations and shearing or 
skeWing. 
[0050] Shifts are due to imperfections in the positioning of 
the microscope, Which causes one layer of images to be 
slightly shifted relatively to another, even though nominally 
they are at the same location. 

[0051] For example in the context of an attempt to image an 
integrated circuit, the loWest Wiring layer may be denoted M 1, 
the second loWest Wiring layer by M2 and so on. The layer of 
vias connecting M 1 to M2 couldbe denoted byVl, and the vias 
layer connecting M2 to M3 by V2 etc. During the data capture 
process, using a microscope, tWo dimensional images of M, 
and VI. are obtained together, because a metal layer Ml. appears 
With the vias V,- on top of it. Thus, notionally, the images for 
M1. and VI. should be aligned perfectly. The objective is in 
reality, to align V,- by to Mi+1 in a perfect or close to perfect 
Way. 

[0052] Thus, With a shift, it is possible that the portion ofVl 
considered, denoted by v,, is shifted slightly relative to the 
portion of Mi+1 considered, denoted by mm, even though 
nominally they are at the same location. We denote the shift of 
V, relative to ml-+1 needed to correct the situation by s X in the 
x-direction and sy in the y-direction6. In our speci?c example, 
both s X and s Y should be less than forty pixels. This estimate 
Will vary substantially depending on the imaging system, 
focus level, resolution, and the ?eld size of the image. The 
forty pixel estimate is based on an image having a ?eld size 
4096 pixels. 
[0053] Rotations are similar to shifts in that it is possible 
that V,- is slightly rotated relatively to mm. We denote by 0t 
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the angle by Which one Would need to rotate V,- to improve the 
situation. 0t is measured counter-clockWise. Typically, 0t is at 
most a feW degrees. 
[0054] Although the nominal magni?cation for an imaging 
system Would be the same for V, and MM, the actual magni 
?cation might vary slightly. Thus, Vl- might have to be dilated 
slightly to ?t M141. We denote the factor by Which Vl- should 
be dilated in the x-direction to ?t Mi+1 by kX and in the 
y-direction by kY. The values kX and k Ymay not necessarily be 
equal. Typically, such dilation or scaling errors Would be in 
the order of a feW percent each. 
[0055] Shearing or skeWing constitutes a non-linear distor 
tion in either the x- or y-direction of the image. Typically, the 
shear Would be less than one percent in either direction. 
[0056] The combination of shifts, rotation, dilations and 
shear gives rise to a general a?ine transform, a (2x2 Matrix) 
plus a shift vector. 
[0057] The error occasioned by the vagaries of the image 
capture process, such as lens distortion, rotation of the image 
due to a change in ?eld strength of the electromagnetic coils, 
dilation or contraction due to changes in gain of the scan coils, 
thermal drift or stage movement of the sample, can be mini 
mized by selecting identi?able registration correspondence 
points on the overlapping portions of adjacent images Within 
the matrix and performing image registration on the matrix of 
images in light of the registration correspondence points, 
using an error minimization algorithm, such as least squares 
energy minimization. 
[0058] Least squares energy minimization is typically used 
to calculate G'UfJ-J) using the registration correspondence 
points and the existing coordinates 60f”). Other error mini 
mization algorithms could be used, such as are knoWn by 
those having ordinary skill in this art. 
[0059] HoWever, as the registration is done independently 
of the consideration of vertical alignment With adjacent supe 
rior or inferior layers, the error in alignment can accumulate, 
increasing the chance of misalignment. This is illustrated in 
FIG. 2, Where a misalignment problem has occurred, as the 
registration errors on adjacent layers increase cumulatively 
but in opposing directions. 
[0060] As further illustrated in FIG. 2, When tWo layers 22 
and 24 of images are aligned, the ?rst images of each layer 
may be ideally registered 26, hoWever, even small (half pixel) 
registration errors 28 on each layer can accumulate into a 
substantial misalignment over the course of a large area. 
Although a more detailed probabilistic study is needed, a 
simple Brownian motion model estimate of the magnitude of 
the inter-layer alignment error E A Would be: 

EAIE Z-max MN (2) 

Where e is the visible imperfection in the overlap area in 
number of pixels and M is a column and N is a roW Within the 
layer’s matrix and max (M, N) identi?es the magnitude of the 
misalignment of the matrix element that has the maximum 
misalignment betWeen the layers in question. 
[0061] The logic How of a ?rst preferred embodiment of the 
present invention is described in the How chart of FIG. 3. The 
How chart details steps designed to iteratively minimize the 
registration and alignment errors in creating a vertically 
aligned mosaic of tWo or more layers of images. 
[0062] Images of a portion of the target object are captured 
for each layer individually 30. 
[0063] Those having ordinary skill in this art Will recognize 
that the entirety of the object of the object need not be imaged. 
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Nevertheless, it is possible that the entire is to be imaged. To 
cover this possibility the term “portion” is used in this speci 
?cation in a sense that may include the entirety of the object. 
[0064] Alternatively, one may choose to capture more than 
one type of image, using different sensors, substantially 
simultaneously, of the target object. For example, one could 
capture thermal information and then standard visual infor 
mation, in order that the tWo may be overlaid for analysis. In 
such case, each type of image Would constitute a separate 
layer in need of alignment With the remaining layers. 
[0065] After the images are captured for one layer, a ?rst 
attempt is made at pair-Wise registering a layer of a multiple 
layered image area 34 using pair-Wise registration, or such 
other registration technique as may be knoWn to those having 
ordinary skill in this art. This may be accomplished by the 
image capturing system by storing the captured images in a 
matrix corresponding to the notional parameters of the vieW 
ing area and applying pair-Wise registration using common 
overlapping structures, such as gray areas, as notional clusters 
of registration correspondence points. 
[0066] The steps of registration and error minimization as 
performed in step 34 are noW further illustrated. Let us con 
sider the case When tWo matrices are of the same siZe M><N; 
and the coordinate system is an af?ne transform: 

at bk] [My] (3) 

Where it is knoWn a priori that the matrix component 

I” bk] ck dk 

of the transform is the same for all images in the layer k. 
[0067] Let us further assume that We have p pairs of points 
of correspondences (kt,it,jt,xt,yt), (k't,i't,j't,x't,y't), tIl, . . . , p, 

that suggest that the point (xt,yt) on the (it, jt) image of the 
layer k should match the point (x't, y't) on the (i't, j't) image of 
the layer k'. 
[0068] Thus, the error against pair-Wise registration infor 
mation is given by: 

[0070] Z is a separate index for error terms; and 

[0071] VkJJH, VkJJVare relative coordinates found by pair 
Wise registration for horiZontal and vertical overlap areas 
respectively. 
[0072] Further errors for pair-Wise registration data are 
given by: 

[0073] The results of the pair-Wise registration attempt 34 
are then analysed in order to identify statistical outliers and 
general errors in the registration 36. Typically, this may be a 
manual visual inspection. HoWever, the examination of the 
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results of the registration attempt could be automated. For 
example, one could use a computer algorithm With the fol 
loWing parameters to assess the reliability of a particular local 
matching: 
a. The amount of vias in the particular patch4one cannot 
base judgment on the correct shift of the patch if there are no 
vias or just one or tWo vias in it, Which could constitute noise 

entries; 
b. The amount of matching after the shiftiideally, this Would 
be 100%, but in practice should be almost to this level, Which 
suggests virtually all of the vias are matched; and 
c. The variance and the solution4one Would Want the match 
ing to be unique or near unique. OtherWise one Would not 
knoW the different optimal matchings is the appropriate one. 
For example, if the patch happens to be above a Wide metal 
bus, all the matchings Would be “good” and one Would have 
no Way of knoWing Which one to choose. In the case Where the 
variance is too large, it may be preferable to ignore the par 
ticular patch and look for a better one. 
[0074] One could systematically look for patches that 
Would provide a reliable matching. For example one could 
look beginning in the upper-left, upper-right and bottom-left 
corners of the overall matrix. If one of these searches fails one 
could look from the bottom right corner. 
[0075] The objective Would be to ?nd three different reli 
able local matchings. One starts in different comers in order 
that the matchings be kept far apart from each other in order 
to optimiZe the three point matching. 
[0076] One looks for all of the possible shifts by the amount 
not exceeding D (maximum number of pixels betWeen the 
actual location of the via in the image and Where it should be) 
in each direction, to ?nd the minimum or minima of the 
energy function. If the patch is considered reliable in accor 
dance With the criteria above, its comer could be used as one 
of the points in the three-point matching. 
[0077] Once three patches have been reliably locally 
matched, the registration could be accomplished by a three 
point matching, Which maps their respective upper-left comer 
to their positions, as modi?ed by the shifts identi?ed by the 
energy function. 
[0078] Ml.+1 may be generated as a black and White bitmap 
With a brightness of 255 Whenever there is metal on layer 
Mi+1 and Zero everyWhere else. Vl- could be a black and White 
bitmap With a brightness of 255 Whenever there is a via. It is 
a design rule that any vias on the V,- layer must be connected 
to metal onboth the M,- and the Mi+1 layers.An ideal solution, 
therefore Would be one Where each via in V,- is matched to a 
metal in Ml.+ 1. 
[0079] Because in real life, there may not be a perfect 
solution, as discussed above, a penalty is applied to the solu 
tion for every unmatched via. The objective is to ?nd the 
solution With the loWest number of penalty points. The pen 
alty can be summarized in the folloWing table: 

Vias in V; Metal in M; Penalty? 

No No No 
No Yes No 
Yes No Yes 
Yes Yes No 

[0080] Ideally, one Would Want to minimiZe the distortion 
betWeen the vias and the metal to Which they are matched. 



US 2008/0123996 A1 

However, such distortion is not an observable parameter. 
However, an energy function, de?ned as the product of the 
number of unmatched vias and the number of all vias, is an 
observable parameter. Thus, one could use the energy in order 
to assess the quality of the solution. 
[0081] The energy function of a solution is a sum of all 
penalties for individual pixels/vias. One of the reasons that 
one might never get a perfect solution is the possibility of 
false vias in VI. (i.e., the via appears in the image but is not 
really in existence), and omissions of metal from MM. 
[0082] A perfect solution, or a solution With just a couple of 
pixels of distortion Will have an almost Zero energy While 
other solutions Would probably have a high energy. 
[0083] Different energy functions could be used to mini 
miZe overall errors. The simplest one is Weighted least 
squares formulation: 

Where W2 is a non-negative Weight assigned to the seams or 
edges of tWo images Which are to be registered or aligned, 
according to a reliability estimate in Which more reliable 
seams have substantially higher Weights and user input. 
[0084] Optionally, one could improve the overall perfor 
mance of the algorithm by running it several times With 
different parameters and to choose the best solutions from the 
series of runs. We have found that changing the minimum 
number of vias per patch, the amount of matching after the 
shift and the variance in the solution Will not typically affect 
the outcome of the computation in most cases, since those 
parameters only become relevant With problematic patches 
With poor quality parameters. Rather, the most important 
parameter appears to be the basic patch siZe. We have found 
that selecting the siZe is the best outcome and provides good 
results. 
[0085] Whichever method is used, the set of errors detected 
could lead to the identi?cation of certain correspondence 
registration points betWeen image pairs thought to be useful 
in increasing the accuracy of the registration attempt. Alter 
natively, certain existing registration correspondence points 
may be discarded as constituting an outlier or an error 38. As 
the initial registration attempt did not rely on the identi?ca 
tion of any speci?c registration correspondence points, these 
could only be discarded after the second (global) registration 
attempt. 
[0086] For a user-de?ned registration correspondence 
point associated With a number of images on the same layer, 
the error terms are de?ned by the equation: 

[0087] The matrix part of the af?ne transform is not present 
in the error equations for one layer and is not computed during 
step 36 of the ?rst embodiment shoWn in FIG. 3. 
[0088] Certain registration correspondence points are then 
identi?ed, Which are thought to keep the error to a minimum 
38. Each registration correspondence point is found on or 
associated With at least tWo images in the layer. We have 
found that, on average, one registration correspondence point 
associated With both of the tWo images in the layer for every 
nine images proves su?icient in this regard. Indeed, by decon 
structing sample registration approaches, using a matrix of 
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160 images, We have found that satisfactory registration 
occurred in the best case With a total of only 7 registration 
correspondence points. In the Worst case, registration 
required 30 such registration correspondence points. 
[0089] Thereafter, a global registration attempt is per 
formed, using the neWly modi?ed set of registration corre 
spondence points 40. The registration attempt is not done on 
a pair-Wise basis, as Was the case in the original registration 
attempt, but on a global basis Wherein any of the images in the 
layer could be moved relative to the others in order to provide 
a more satisfactory result. The result of the registration is 
determined by applying an energy minimiZation approach, 
such as a Weighted least squares energy minimization. 
[0090] The Weighted least squares energy minimiZation 
problem can be ef?ciently solved by publicly available soft 
Ware LSQR, described by C. C. Paige and M. A. Saunders, 
LSQR: An algorithmfor sparse linear equations and sparse 
least squares, TOMS 8(1), 43-71 (1982), incorporated by 
reference herein. 
[0091] Outlier terms in the energy function can be found by 
the methods described in Robust Regression and Outlier 
Detection by Peter J. RousseeuW, Annick M. Leroy, 2003 
incorporated by reference herein. Overlapping areas corre 
sponding to such areas can be brought to the operator for 
inspection. 
[0092] Another energy function can be given by 

Where e(95%) is the 95% order statistic of the remaining use 
able correspondence data. 
[0093] The phrase “order statistic” refers to statistical 
methods that depend only on the ordering of the data and not 
on its numerical values. So, for instance, the mean, or average 
of the data, While easy to compute and very important as an 
estimate of a central value, is not an order statistic. The mode 
(most commonly occurring value) also does not depend on 
ordering, although the mo st e?icient methods for computing 
it in a comparison-based model involve sorting algorithms. 
The most commonly used order statistic is the median, the 
value in the middle position in the sorted order of the values. 
[0094] This formulation provides the advantage of robust 
ness over ordinary least squares energy minimization, in that 
a certain percentage of erroneous data or user input Will not 
affect the results. Such a problem can also be solved by the 
methods described in Robust Regression and Outlier Detec 
tion by Peter J. RousseeuW, Annick M. Leroy, 2003. 
[0095] Another formulation Would be to group the data into 
tWo or more groups according to their reliability level, then 
minimiZing the Weighted least squares energy, taking into the 
account the most reliable group, and minimiZing the energy in 
the least reliable groups, subject to a non-increase of the 
energy in the most reliable groups. Such a procedure can be 
implemented using publicly available TSNNLS softWare, 
described in T SNNLS: A Solver for Large Sparse Least 
Squares with Non-Negative Variables by Jason Cantarella, 
preprint of Department of Mathematics and Computer Sci 
ence, Duquesne University, incorporated by reference herein. 
[0096] To analyse the results of pair-Wise registration for 
errors as described in step 36, one may split the overlapping 
area into tWo or more parts, and compute the relative image 
coordinates V60”) of each part independently. 
[0097] In the case shoWn in FIG. 10, the overlap area does 
not contain enough information to reliably compute relative 
coordinates. Thus, there Will be a substantial difference 
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between each divided section’s relative coordinates. This 
situation can then be brought to the attention of an operator 
for manual inspection, or alternatively, can be deemed as a 
non-reliable image pair and discarded before the next regis 
tration attempt With error minimization. 

[0098] Once the error associated With the latest global reg 
istration attempt has been calculated and evaluated 42, the set 
of registration correspondence points Will be further adjusted 
38 and then a further global registration attempt made 40. 

[0099] This process of adjusting the set of registration cor 
respondence points 38, performing a global registration 
attempt using the adjusted set of registration correspondence 
points 40 and inspecting the results of the registration attempt 
42 could be iteratively repeated until a satisfactory level of 
registration is ultimately achieved. 
[0100] Once a layer of images has been satisfactorily reg 
istered, the entire process is repeated for a different layer. 

[0101] Once all of the layers have been satisfactorily reg 
istered, the process of vertical alignment may be commenced. 

[0102] In order to vertically align the various layers, at least 
one pair of alignment correspondence points must be selected 
betWeen each adjacent layer pair 46. These points of align 
ment correspondence are points that represent the identical 
space betWeen at least tWo adjacent layers. There are several 
methods of selecting points of alignment correspondence that 
could be used by those having ordinary skill in this art. First, 
a human operator could manually identify points of corre 
spondence betWeen the adjacent layers. Second, markers may 
be inserted into the layers, before they are imaged, to be used 
as points of correspondence during the alignment stage. Such 
markers must be visible betWeen layers. Third, a computer 
could be con?gured to automatically select points of corre 
spondence using image recognition softWare. In IC applica 
tions, for example, as discussed above, it is knoWn that via 
interconnects visible on the bottom layer should go to metal 
lization areas on the top layer. Thus, a template of a via pattern 
can be selected on one layer, and a search initiated on an 
adjacent layer, for this template. This provides betterpoints of 
correspondence betWeen the adjacent layers. When perform 
ing this template matching, it is preferable to use a template of 
a small area, in order to ensure that all vias arrive at a desti 
nation on the adjacent layer. Occasionally vias are intention 
ally left “?oating” betWeen layers and do not connect to the 
adjacent layer. By using a small template, the computer can be 
directed to perform a rough alignment. FIG. 11 shoWs vias on 
one layer being roughly matched to vias on an adjacent layer. 
[0103] Once one layer is associated With at least one other 
layer by at least one selected alignment correspondence pair, 
a combined alignment and global registration attempt is made 
by computing global coordinates on all layers substantially 
simultaneously using an error minimization technique, such 
as least squares energy minimization 48. This results in both 
alignment and global registration of the images. 
[0104] As in the steps above, the results of the alignment 
attempt 50 are then analysed in order to identify statistical 
outliers and general errors in the alignment 46. Typically, this 
may be a manual visual inspection. HoWever, the examination 
of the results of the alignment attempt could be automated. 
Whichever method is used, the set of errors detected could 
lead to the identi?cation of certain additional alignment cor 
respondence pairs thought to be useful in increasing the accu 
racy of the alignment attempt. Alternatively, during subse 

May 29, 2008 

quent iterations, certain existing alignment correspondence 
pairs may be discarded as constituting an outlier or an error 
46. 
[0105] This process of adjusting the set of alignment cor 
respondence pairs 46, performing a combined alignment and 
global registration attempt using the adjusted set of alignment 
correspondence pairs and the existing set of registration cor 
respondence points 48 and inspecting the results of the reg 
istration attempt 50 could be iteratively repeated until a sat 
isfactory level of alignment and global registration is 
ultimately achieved. Generally, the more the planes of the 
image mosaics are misaligned, the more alignment corre 
spondence pairs Will be required. As such, the method may be 
adjusted to permit greater degrees of freedom (such as 
degrees of movement or rotation of individual images) in 
order to accurately minimize the overall alignment and reg 
istration errors. 

[0106] By alloWing the registration of a particular layer to 
be recalculated during the alignment process, the problem 
demonstrated by FIG. 2, in Which registration of different 
layers tends to diverge can be avoided. Rather, a relatively 
sub-optimal registration of the tWo layers Will be chosen over 
optimal registrations in order to minimize the overall error, 
taking into account the need to achieve a satisfactory align 
ment as Well. 

[0107] The alignment in step 48 is substantially different 
from the registration performed in step 34. The equation for 
the alignment correspondence pair error is given by the fol 
loWing equation: 

The energy function has to be optimized With respect to the 
variables 

substantially simultaneously. This renders the optimization 
problem non-convex and therefore harder to solve. In prac 
tice, an iterative algorithm can be used to approximate a 
solution, When 

I” bk 1 Ck dk 

is minimized With ?xed 

using the same methods as described in step 34. Then, When 
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is modi?ed With ?xed 

the solution converges to an acceptable solution in just a feW 
repetitions. 
[0109] Thus, in this ?rst embodiment, the registration pro 
cess occurs sequentially before alignment is attempted. 
[0110] By Way of example, FIG. 5 illustrates tWo overlaid 
layers 82, 84 in a matrix con?guration of overlapping images 
86 (for clarity, regions of overlap are not shoWn). For ease of 
explanation, it is assumed that the images 86 have already 
been independently registered, and relative coordinates have 
been de?ned. The layers 82, 84 include points of correspon 
dence de?ned as pairs 80a, 80b, 88a, 88b and 92a, 92b, Which 
may be selected by the human operator, or alternately com 
puter selected based on a number of image recognition tech 
niques as earlier described. Points 80a, 88a and 9211 are 
located on layer 82 and points 80b, 88b and 92b are located on 
layer 84. The process of this ?rst embodiment uses these 
correspondence pairs to align the tWo mosaicked image lay 
ers. 

[0111] It is initially assumed that the points of registration 
and alignment correspondence are correct. After the system 
calculates the global coordinates for the tWo mosaicked 
image layers, it may be determined by inspection that the 
images are not correctly aligned. Before selecting neW align 
ment correspondence pairs, the initial set of alignment corre 
spondence pairs is inspected. In this case, it may be observed 
that points 8011 and 80b do not actually correspond. Thus, 
these points are removed from the list of alignment corre 
spondence pairs and neW pairs may be identi?ed. Another 
alignment and global registration attempt is performed, and 
the alignment correspondence pairs are again inspected. This 
process continues until there is satisfaction that the tWo layers 
are satisfactorily aligned and registered. 
[0112] A second embodiment of the present invention is 
described in detail With reference to the How chart illustrated 
in FIG. 4. The steps describe the algorithm used to vertically 
align tWo or more layers in a stacked overlay con?guration 
representing the same area. In this second embodiment, the 
registration and alignment steps are performed substantially 
simultaneously. In effect, the preliminary steps of performing 
iterative registration on a layer-by-layer basis are omitted. 
Thus, While certain process simplicity is obtained, it may be 
at the cost of the quality of the overall result, and may result 
in a more computationally complex alignment step. 
[0113] Thus, images of the components of at least tWo 
adjacent layers are captured in the initiating step 54. Conceiv 
ably, all of the target layers could be acquired in this initial 
step, but it is su?icient to acquire the images of only tWo 
adjacent layers. 
[0114] An initial pair-Wise registration attempt is per 
formed on each layer 56, much in the same manner as 
described in FIG. 3. 

[0115] AfterWards, the pair-Wise results are subjected to 
global registration 57, much in the same manner as described 
in FIG. 3. 
[0116] Certain global registration correspondence points 
and alignment correspondence pairs are then identi?ed 58, so 
that each registration correspondence point is found on at 
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least tWo images in the same layer and that at least one image 
on one layer is linked With a corresponding image on another 
layer through an alignment correspondence pair. Those hav 
ing ordinary skill in this art Will readily recogniZe that the 
selection of registration correspondence points and alignment 
correspondence pairs could be effected in any order. 
[0117] After the images are captured and the registration 
correspondence points and alignment correspondence pairs 
identi?ed, a ?rst attempt is made at globally registering and 
aligning the imaged layers of a multiple-layered image area 
60 using an error minimization technique such as least 
squares energy minimiZation, or such other error minimiZa 
tion algorithm as may be knoWn to those having ordinary skill 
in this art. 

[01 18] The results of the registration and alignment attempt 
62 are then analysed in order to identify statistical outliers and 
general errors in the registration and alignment. Typically, 
this may be a manual visual inspection. HoWever, the exami 
nation of the results of the registration attempt could be auto 
mated. Whichever method is used, the set of errors detected 
could lead to the identi?cation of certain additional registra 
tion correspondence points betWeen adjacent image in a layer 
and/or alignment correspondence pairs betWeen correspond 
ing images on different layers thought to be useful in increas 
ing the accuracy of the registration and alignment attempt 58. 
Alternatively, certain existing registration correspondence 
points and/ or alignment correspondence pairs may be dis 
carded as constituting an outlier or an error. 

[0119] This process of adjusting the set of registration cor 
respondence points and alignment correspondence pairs 58, 
performing a global registration and alignment attempt using 
the adjusted set of registration correspondence points and 
alignment correspondence pairs 60 and inspecting the results 
of the registration and alignment attempt 62 could be itera 
tively repeated until a satisfactory level of registration and 
alignment is ultimately achieved. 
[0120] Once these layers of images have been satisfactorily 
registered and aligned, the entire process is repeated for a 
different layer. Examples of the process and results obtained 
Will noW be discussed. 

[0121] Once all of the layers have been satisfactorily reg 
istered and aligned, the process has been completed. 
[0122] In FIG. 6, a pair ofimages is shoWn 94, 96 that have 
an overlap region 98 that has not been correctly registered. 
[0123] In FIG. 7, the images from FIG. 6 are shoWn again 
94, 96. HoWever, the overlap regions have noW been correctly 
registered and the seam 100, shoWs the transition line that can 
be seen from the ?rst photo 94 to the second 96. 

[0124] In FIG. 8, a pair ofimages is shoWn 102a and 10411 
that do not contain su?icient information to easily register the 
tWo images. The seam 106a betWeen them shoWs the point at 
Which the tWo have currently been registered. 
[0125] FIG. 9 shoWs the pair of images as registered from 
FIG. 8, and the subsequent results of another registration 
attempt, shoWing the images 102b and 104b in another reg 
istration With a neW seam 106b. 

[0126] FIG. 10 shoWs four images 108, 110, 116, 114 in a 
registration con?guration, Which is missing an overlap region 
112. 

[0127] FIG. 11, shoWs a metal layer 124, With an overlaid 
via layer 122, Which is slightly out of alignment. Some vias 
are located in a likely location 120, While others appear to be 
?oating 126. 
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[0128] The present invention advantageously provides an 
e?icient means to compensate for the accumulation of mis 
alignment errors in imaging application in Which tWo or more 
layers are imaged. 
[0129] The present invention can be implemented in digital 
electronic circuitry, or in hardWare, ?rmWare, software, or in 
combination thereof. Apparatus of the invention can be 
implemented in a computer program product tangibly 
embodied in a machine-readable storage device for execution 
by a programmable processor; and methods actions can be 
performed by a programmable processor executing a pro 
gram of instructions to perform functions of the invention by 
operating on input data and generating output. The invention 
can be implemented advantageously in one or more computer 
programs that are executable on a programmable system 
including at least one input device, and at least one output 
device. Each computer program can be implemented in a 
high-level procedural or object oriented programming lan 
guage, or in assembly or machine language if desired; and in 
any case, the language can be a compiled or interpreted lan 
guage. 
[0130] Suitable processors include, by Way of example, 
both general and speci?c microprocessors. Generally, a pro 
cessor Will receive instructions and data from a read-only 
memory and/or a random access memory. Generally, a com 
puter Will include one or more mass storage devices for stor 
ing data ?les; such devices include magnetic disks, such as 
internal hard disks and removable disks; magneto-optical 
disks; and optical disks. Storage devices suitable for tangibly 
embodying computer program instructions and data include 
al forms of non-volatile memory, including by Way of 
example semiconductor memory devices, such as EPROM, 
EEPROM, and ?ash memory devices; magnetic disks such as 
internal hard disks and removable disks; magneto-optical 
disks; and CD-ROM disks. Any of the foregoing can be 
supplemented by, or incorporated in ASlCs (application-spe 
ci?c integrated circuits). 
[0131] Examples of such types of computers are program 
mable processing systems to implement the processing 
shoWn in FIGS. 3 and 4. The system may comprise a proces 
sor, a random access memory, a hard drive controller, and an 
input/output controller coupled by a processor bus. 
[0132] It Will be apparent to those having ordinary skill in 
this art that various modi?cations and variations may be made 
to the embodiments disclosed herein, consistent With the 
present invention, Without departing from the spirit and scope 
of the present invention. Other embodiments consistent With 
the present invention Will become apparent from consider 
ation of the speci?cation and the practice of the invention 
disclosed therein. 
[0133] Accordingly, While the invention has been described 
according to What is presently considered to be the most 
practical and preferred embodiments, the speci?cation and 
embodiments are to be considered exemplary only. Those 
having ordinary skill in this art Will readily recognize that 
various modi?cations and equivalent structures and functions 
may be made Without departing from the spirit and scope of 
the invention. Therefore, the invention must be accorded the 
broadest possible interpretation so as to encompass all such 
modi?cations and equivalent structures and functions, With a 
true scope and spirit of the invention being disclosed by the 
folloWing claims. 

What We claim is: 

1. A method of creating a horizontally registered and ver 
tically aligned multiple-layered mosaic of images of an 
object, comprising the steps of: 
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a. for each layer of detail of the portion of the object to be 
imaged: 
i. capturing the detail of the layer in a series of captured 

images; 
ii. performing pair-Wise registration of the captured 

images of the layer into a mosaic; and 
iii. performing global registration of the mosaic of the 

layer, into an optimised mosaic layer; 
b. identifying at least one alignment correspondence pair, 

located on an image on a ?rst optimised mosaic layer and 
on at least one image on a separate optimised mosaic 
layer; and 

c. iteratively: 
i. performing alignment and global registration of all of 

the optimised mosaic layers into a substantially 
aligned mosaic, using the identi?ed alignment corre 
spondence pairs associated With each optimised 
mosaic layer; and 

ii. rede?ning the identi?ed alignment correspondence 
pairs; 

until the alignment of the layers is optimized; 
Wherein the step of rede?ning the identi?ed alignment 

correspondence pairs comprises inspecting the results of 
the registration performed; 

Wherein the step of inspecting comprises calculating and 
assigning a minimum energy function to error in the 
alignment performed; and 

Wherein the step of calculating and assigning a minimum 
energy function comprises applying a least squares 
energy minimization algorithm. 

2. A method according to claim 1, Wherein the step of 
applying a least squares energy minimization algorithm com 
prises the steps of: 

a. grouping data concerning registration error into a plu 
rality of groups according to reliability; 

b. minimizing Weighted least squares energy value 
obtained from application of the least squares energy 
minimizing algorithm, taking into account the mo st reli 
able group; and 

c. minimizing energy value obtained from application of 
the least squares energy minimizing algorithm in the 
least reliable groups While ensuring no increase in the 
energy value of the most reliable group. 

3. A method of creating a horizontally registered and ver 
tically aligned multiple-layered mosaic of images of an 
object, comprising the steps of: 

a. for each layer of detail of the portion of the object to be 
imaged: 
i. capturing the detail of the layer in a series of captured 

images; 
ii. performing pair-Wise registration of the captured 

images of the layer into a mosaic; and 
iii. performing global registration of the mosaic of the 

layer, into an optimised mosaic layer; 
b. identifying at least one alignment correspondence pair, 

located on an image on a ?rst optimised mosaic layer and 
on at least one image on a separate optimised mosaic 
layer; and 

c. iteratively: 
i. performing alignment and global registration of all of 

the optimised mosaic layers into a substantially 
aligned mosaic, using the identi?ed alignment corre 
spondence pairs associated With each optimised 
mosaic layer; and 
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ii. rede?ning the identi?ed alignment correspondence 
pairs; 

until the alignment of the layers is optimized; 
Wherein the step of rede?ning the identi?ed alignment 

correspondence pairs comprises inspecting the results of 
the registration performed; 

Wherein the step of inspecting comprises calculating and 
assigning a minimum energy function to error in the 
alignment performed; and 

Wherein the step of calculating and assigning a minimum 
energy comprises applying a 95% order statistical 
energy function. 

4. A method of creating a horiZontally registered and ver 
tically aligned multiple-layered mosaic of images of an 
object, comprising the steps of: 

a. Capturing the detail of each of the layers in a series of 
images; 

b. Performing pair-Wise registration of the captured images 
of each of the layers into a mosaic; 

c. for a plurality of layers of detail of the object to be 
imaged: 
i. identifying at least one registration correspondence 

point, each associated With tWo images, and identify 
ing at least one alignment correspondence pair, 
located on an image on a ?rst layer and on at least one 
image on a different one of the plurality of layers; 

ii. iteratively: 
a) performing global registration of the captured 

images of each of the plurality of layers into a 
mosaic, using the identi?ed registration correspon 
dence points for the layer and performing align 
ment of all of the plurality of layers into a mosaic, 
using the identi?ed alignment correspondence 
pairs; 

b) rede?ning the identi?ed registration correspon 
dence points for each of the plurality of layers and 
the identi?ed alignment correspondence pairs; 

until the registration and alignment of the plurality of lay 
ers is optimised; and 
iii. adding at least one layer to the plurality of layers; 

until the alignment of all of the layers of detail of the portion 
of the object is imaged and optimiZed. 

5. A method according to claim 4, Wherein the step of 
performing pair-Wise registration the captured images into a 
mosaic before the iteration step. 

6. A method according to claim 4, Wherein the step of 
identifying comprises the step of identifying registration cor 
respondence points folloWed by the step of identifying align 
ment correspondence pairs. 

7. A method according to claim 4, Wherein the step of 
identifying comprises the step of identifying alignment cor 
respondence pairs folloWed by the step of identifying regis 
tration correspondence pairs. 

8. A method according to claim 4, Wherein the step of 
rede?ning the identi?ed registration correspondence points 
comprises discarding previously identi?ed registration corre 
spondence points as being unreliable. 
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9. A method according to claim 8, Wherein the step of 
discarding previously identi?ed registration correspondence 
points comprises discarding previously identi?ed registration 
correspondence points as constituting outliers. 

10. A method according to claim 8, Wherein the step of 
discarding previously identi?ed registration correspondence 
points comprises discarding previously identi?ed registration 
correspondence points as constituting errors. 

11. A method according to claim 4, Wherein the step of 
rede?ning the identi?ed registration correspondence points 
comprises identifying additional registration correspondence 
points. 

12. A method according to claim 4, Wherein the step of 
rede?ning the identi?ed alignment correspondence pairs 
comprises discarding previously identi?ed alignment corre 
spondence pairs as being unreliable. 

13. A method according to claim 12, Wherein the step of 
discarding previously identi?ed alignment correspondence 
points as constituting outliers. 

14. A method according to claim 12, Wherein the step of 
discarding previously identi?ed alignment correspondence 
points as constituting errors. 

15. A method according to claim 4, Wherein the step of 
rede?ning the identi?ed alignment correspondence pairs 
comprises identifying additional alignment correspondence 
points. 

16. A method of creating a horizontally registered and 
vertically aligned multiple-layered mosaic of images of a 
portion of an object, comprising the steps of: 

(b) for each layer of detail of the portion of the object to be 
imaged; 
(i) capturing the detail of the layer in a series of captured 

images; 
(ii) performing pair-Wise registration of the captured 

images of the layer into a mosaic; 
(iii) identifying at least on registration correspondence 

point, associated With at least tWo images; 
(iv) performing global registration of the mosaic of the 

layer, into an optimiZed mosaic layer using the iden 
ti?ed registration correspondence points associated 
With the layer; and 

(v) rede?ning the identi?ed registration correspondence 
points for the layer; 

(c) Identifying at least one alignment correspondence pair, 
located on an image of a ?rst optimised mosaic layer and 
on at least one image on a separate optimiZed mosaic 
layer; and 

(d) lteratively: 
(i) performing alignment and global registration of all of 

the optimised mosaic layers into a substantially 
aligned mosaic, using the identi?ed alignment corre 
spondence pairs associated With each optimiZed 
mosaic layer; and 

(ii) rede?ning the identi?ed alignment correspondence 
pairs and the identi?ed registration correspondence 
points; 

until the alignment of the layers is optimiZed. 

* * * * * 


