
  
 
 

 
Abstract 

 
A novel groupwise registration framework, called Atlas 

Building by Self-Organized Registration and Bundling 
(ABSORB), is proposed in this paper. In this framework, 
the global structure of relative subject image distribution 
is preserved during the registration by constraining each 
subject to deform locally within the learned manifold. A 
self-organized registration is employed to deform each 
subject towards a subset of its neighbors that are closer to 
the global center. Some subjects close enough in the 
manifold will be bundled into a subgroup during the 
registration, and then deformed together in the subsequent 
registration process. This framework performs groupwise 
registration in a hierarchical way. Specifically, in the 
higher level, it will perform on a much smaller dataset 
formed by the representative subjects of all subgroups 
generated in the previous levels of registration. The atlas 
image can be eventually built once the registration arrives 
at the upmost level. Experimental results on both synthetic 
and real datasets show that the proposed framework can 
achieve substantial improvements, compared to the other 
two widely used groupwise methods, in terms of both 
registration accuracy and robustness. 
 

1. Introduction 
Image registration is one of the most important 

techniques in the field of medical image analysis due to its 
significance in both scientific researches and clinical 
applications [1-3]. To better understand and analyze the 
group similarity and variation within a population, many 
groupwise registration methods have been proposed to 
achieve more accurate and consistent registration by 
registering all images simultaneously [4-11].  

Several groupwise registration methods are proposed to 
directly register all images by formulating the groupwise 
registration as an optimization problem with a global cost 
function. In the congealing registration method [5] and its 
extensions [6,12], an objective function is defined over all 
aligned images in the dataset, to solve the groupwise 
registration by a gradient-based optimizer. However, the 

huge number of variables involved in the global cost 
function poses challenges to the optimizer which is 
vulnerable to local minima.  Joshi et al. [7] proposed to 
solve the groupwise registration in an iterative manner by 
registering each subject to the mean image and updating 
the mean based on the newly registered images. This 
method can provide an unbiased way to build the atlas, 
and also can converge fast. However, the registration of 
this method could be misled by trying to register sharp 
individual images (with clear anatomical structures) to a 
blurry group mean image (without clear anatomical 
details), especially in the first rounds of registration.  

It is generally difficult to achieve good registration in 
one step by simply registering each image to an explicit 
(or implicit) template directly, especially when anatomical 
variations are large across images within the group. To 
this end, a few algorithms have been proposed to register 
the individual image to the template with the help of 
intermediate templates [13-16]. For example, in [13], after 
learning the intrinsic manifold on the dataset, the pseudo-
geodesic median is determined as the template, and the 
corresponding geodesic paths between each image and the 
template are computed to form a tree on the learned 
manifold. Since a fixed image is used as the final template 
to register all other images, the deviation from the group 
center is unavoidable if the template cannot represent the 
dataset, although the registration error could be reduced 
since only the nearby images need to be registered.  

A new framework for groupwise registration, termed as 
Atlas Building by Self-Organized Registration and Bund-
ling, or ABSORB for short, is proposed in this paper to 
address the problems mentioned above, as illustrated in 
Fig.1. We resolve the groupwise registration in an iterative 
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Figure 1: The framework for the proposed ABSORB algorithm. 
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way by warping each image to the common space step by 
step on the learned manifold, and maintain the relative 
global distribution of the population at the same time. To 
achieve this goal, two new strategies, namely self-
organized registration and image bundling, are proposed. 
Specifically, the self-organized registration is introduced 
to deform each image towards a subset of its neighbors 
that are closer to the global center and thus condense the 
distribution of images on the learned manifold gradually. 
Some nearby subjects get close enough to each other 
during the registration and are bundled into a subgroup. 
ABSORB can thus perform the groupwise registration 
hierarchically. Particularly, in the higher level, the regis-
tration is performed on a much smaller dataset, which con-
sists of the representative images of all subgroups formed 
in the previous registration steps. As the result of this 
hierarchical registration process, a pyramid of images is 
built automatically and the atlas image can be generated 
once the registration arrives at the upmost level. 

2. Method 
The new groupwise registration framework, i.e. 

ABSORB, is presented in this section. We assume that ࡵ ൌ ሼܫଵ, ,ଶܫ … , -ேሽ with ܰ images has already been preܫ
processed after affine registration. The registered image of 
subject ܫ௜  at the beginning of iteration ݐ is denoted as ܫ௜௧, 
where ݅ ൌ 1, 2, … , ܰ and ݐ ൒ 1. The goal of ABSORB at 
iteration ݐ is to further align all images ࡵ௧ ൌ ሼܫଵ௧, ,ଶ௧ܫ … , ே௧ܫ ሽ 
and obtain an updated set ࡵ௧ାଵ ൌ ሼܫଵ௧ାଵ, ,ଶ௧ାଵܫ … ,  ே௧ାଵሽ, soܫ
that all the images in ࡵ௧ାଵ are distributed more densely in 
the data space. Here, we set ࡵଵ ൌ   .ࡵ

The registration process of the proposed framework is 
illustrated in Fig. 1. To deform ܫ௜௧ towards the common 
space at the ݐ௧௛ iteration, a self-organized registration is 
first performed. Specifically, some qualified neighbors of ܫ௜௧ are selected, and then the deformation field defined to 
warp ܫ௜௧ to ܫ௜௧ାଵ is calculated based on the deformation 
fields between ܫ௜௧ and its selected neighbors. In this paper 
we use the diffeomorphic demons in ITK [3] to implement 
the pairwise registration. After performing the self-
organized registration on all subjects in iteration ݐ, we 
bundle some nearby subjects into respective subgroup if 
they have been aligned well to each other, and then update 
the deformed image set ࡵ௧ with ࡵ௧ାଵ. The same procedures 
are repeated on ࡵ௧ାଵ until the algorithm converges.  

2.1. Selection of neighboring subjects 
The selection of neighboring subjects is critical to self-

organized registration. A particular procedure is designed 
to adaptively choose a subset of neighbors for each subject 
by considering both local and global information. To 
achieve it, a graph is built with each subject ܫ௜௧ as a node 
and each edge connecting ܫ௜௧ and ܫ௝௧ weighted by the 

distance between them. The distance could be the intensity 
difference or that defined in [13]. To better measure the 
distance between two subjects on the data space, a k-NN 
isomap is constructed following the procedure in [17]. So 
the distance between ܫ௜௧ and ܫ௝௧ can be defined as ݀൫ܫ௜௧, ௝௧൯ܫ ൌ ݀௠൫ܫ௜௧, ,௜௧ܫ௝௧൯, where ݀௠൫ܫ  ௝௧൯ is the shortestܫ
distance between ܫ௜௧ and ܫ௝௧ on the learned manifold.  

In order to reach the final atlas (or the global center) in 
an efficient way, we embed the global center information 
into the selection of neighboring subjects. When selecting 
the qualified neighbors of one subject for registration, only 
those subjects that are closer to the global center than the 
subject under consideration are selected. Here, the global 
center is different from a fixed template in two ways: 1) 
the global center is not served as a template; 2) the global 
center is updated online (rather than being fixed as in most 
other registration methods), and it is only used to provide 
general information to the selection of qualified neighbors.  

The determination of global center is important to the 
performance of the algorithm as it guides the registration 
in each iteration. We select the median image on the 
learned manifold as the global center due to its robustness 
to the outliers as shown in [13]. The median subject in a 
dataset is defined as the subject that minimizes the overall 
distance from that subject to all other subjects. Instead of 
building a fixed graph throughout the registration process, 
we propose a dynamic graph which is updated on the 
dataset composed of the registered images after each 
round. The global center is then updated accordingly on 
the manifold. This helps subjects adjust the moving 
directions more adaptively. However, if the graphs in 
different iterations are built independently, the determined 
global center may change dramatically, and thus the 
estimated deformation for each subject would lack 
continuity in the perspective of registration process. To 
obtain a consistent but not fixed global center, we build an 
Iterative Neighborhood Graph (ING), ࣡௧, from the k-NN 
isomap. The weight assigned to the edge connecting two 
images ܫ௜௧ and ܫ௝௧ in ࣡௧ is defined as 

,௜௧ܫ൫ݓ ௝௧൯ܫ ൌ ቊ݀൫ܫ௜௧, ௝௧൯ܫ ൅ ߙ · ,௜௧ିଵܫ൫ݓ ,௝௧ିଵ൯ܫ ݐ ൐ 1,݀൫ܫ௜ଵ, ௝ଵ൯ܫ                             , ݐ ൌ 1,  (1)

where the current edge weight ݓ൫ܫ௜௧,  ௝௧൯ is calculated as aܫ
weighted summation of ݀൫ܫ௜௧, ,௜௧ିଵܫ൫ݓ ௝௧൯ andܫ  ௝௧ିଵ൯. Theܫ
median image ܫ௖ሺ௧ሻ௧  (or the global center) is selected by ܿሺݐሻ ൌ arg min௜ ∑ ,௜௧ܫ൫ݓ ௝௧൯௝ܫ . (2)

In Eq. 1, the information from the manifolds generated in 
all previous iterations has been integrated together in 
graph ࣡௧. The ING can thus regulate the graph topologies 
built on the registered image set ࡵ௧ in different iterations 
and can assure a gentle shift of the global center.  

With the global center ܫ௖ሺ௧ሻ௧ , the qualified neighbors for 
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each subject can be determined as follows. First, for the 
given subject ܫ௜௧ at iteration ݐ, we sort all other subjects in 
an ascending order based on their distances to ܫ௜௧, and a 
subscript set ࡼ௜௧ is built to include the top ݌௜௧ indices. 
Second, we examine all subjects in ࡼ௜௧ and find those that 
are closer to the current global center ܫ௖ሺ௧ሻ௧  than to ܫ௜௧, i.e., ࡹ௜௧ ൌ ൛݆ห݀൫ܫ௝௧, ௖ሺ௧ሻ௧ܫ ൯ ൑ ݀൫ܫ௜௧, ௖ሺ௧ሻ௧ܫ ൯, ݆ א  ௜௧ൟ. Thus, all theࡼ
qualified neighbors of subject ܫ௜௧ form a set ࡶ௜௧ ൌ൛ܫ௝௧ห݆ א   .ݐ ௜௧ at iterationܫ ௜௧ൟ and will guide the warping ofࡹ

2.2. Averaging over dense deformation fields 
In this section, a mechanism to warp the current subject ܫ௜௧ by all its qualified neighbors is defined. We move the 

subject ܫ௝௧ along an average deformation direction on the 
manifold according to the selected neighbors. To demon-
strate the process in a more general situation, the super-
script ݐ and the subscript ݅ (indexing the iteration and 
subject, respectively) are dropped.  

Assuming that ܫ is the current subject to be registered, 
all qualified neighbors selected in Sec. 2.1 form a set ࡶ ൌ ሼܬଵ, ,ଶܬ … , ݉) ௠ሽܬ ൒ 1). Our goal is to move ܫ to a new 
location ܫ′ which should be closer to its destination in the 
end of registration. It can be achieved by averaging the 
warping directions from ܫ to each ܬ௦ (ݏ ൌ 1,2, … , ݉). For 
each pair of subject ܫ and ܬ௦, the dense deformation field ܩ௦ is estimated, and then, its inversed deformation field ܩ௦ି ଵ is calculated. Therefore, the average direction can be 
calculated based on ܩ௦ି ଵ (since they are defined on the 
same image space of I). To emphasize the effect of those 
neighbors which are closer to the center subject I, we can 
go one step further by weighting different ܩ௦ି ଵ based on 
the distance ݀ሺܫ, ܩ ,.௦ሻ, i.eܬ ൌ ቆ∑ ߱൫݀ሺܫ, ௦ିܩ௦ሻ൯ܬ ଵ௠௦ୀଵ∑ ߱൫݀ሺܫ, ௦ሻ൯௠௦ୀଵܬ ቇିଵ, (3)

where ߱ሺݔሻ ൌ ଵఙ√ଶగ ݁ି ೣమమ഑మ and the std ߪ is adaptively set to 
be the median value of  ሼ݀ሺܫ, ݏ|௦ሻܬ ൌ 1,2, … , ݉ሽ. 

For each ܫ௜௧, we apply the above procedure to generate 
the deformation field ܩ௜௧ by Eq. 3, and deform it following ܫ௜௧ାଵ ൌ  .௜௧ሻ to move closer to the current global centerܫ௜௧ሺܩ
In the following iteration, the distribution of the dataset in 
the image space becomes much denser, and this self-
organized registration can proceed as described above.  

2.3. Hierarchical registration structure 
As the registration proceeds, it is possible that several 

nearby subjects converge spontaneously, thus partitioning 
the image set into subgroups. In this case, the qualified 
neighbor selection for one subject will be restricted within 
the subgroup it belongs to. To break this partition and 
refine the groupwise registration result, we employ a new 

strategy to perform registration across different subgroups.  
Given a set of registered images, a clustering method 

(e.g., Affinity Propagation (AP) [18]) can be adopted to 
bundle those aligned subjects into subgroups. Then, the 
representative image of each subgroup, automatically 
determined by the clustering method, forms a new dataset 
of a much smaller size. The same processing in Sec. 2.1 
and 2.2 can be applied on the new dataset (at a higher 
level), to further register subgroups of images together.  

Note that after performing the bundling process, all 
images in one subgroup will have the same neighbors 
from the representative image set which are selected by its 
own representative image. The detail of the hierarchical 
registration framework is described as follows. All the 
subjects in the population are first placed on the bottom 
level and the self-organized registration is performed. 
Then we apply AP clustering to detect whether the 
registered images have fallen into a stable partition. If the 
clustering results on ࡵ௧ and ࡵ௧ାଵ are not exactly the same, 
both the self-organized registration and the clustering on 
the population are repeated on ࡵ௧ାଵ. If at some iteration כݐ, 
the clustering results on datasets ࡵ௧כ and ࡵ௧כାଵ do not 
change, the proposed groupwise registration framework 
will go to the next level and initiate a new image set 
containing all representative images. The same procedures 
are repeated on this new image set, and the registration 
will terminate once the representative images are clustered 
into a single group, or the maximal number of levels is 
reached. In the upmost level, all subjects are registered 
very close to each other, and therefore we can take the 
average image as the final atlas. Note that, since the whole 
population has already been well aligned, the average 
image is no longer fuzzy, but of clear anatomical 
structures and sharp boundaries. 

It is worth noting that the way of employing the 
clustering method in our framework is quite different from 
that in [4]. Clustering is intrinsic to our framework where 
spontaneous partition happens during registration, rather 
than a pre-processing step to guide the registration. Any 
clustering techniques could be adopted in the framework, 
e.g. K-means [19]. But unlike K-means, we do not have to 
specify the cluster number in AP and the representative 
image of each cluster is given automatically by AP. The 
local means and the global mean are both updated 
dynamically during the registration, which also differen-
tiates ABSORB from other pure clustering methods. 
Another difference is on how to provide an image for 
registration in the higher level. In [4], the mean image of 
each cluster contributes to the registration at the higher 
level, which suffers from the same problem of using fuzzy 
mean image as a template as in [7]. On the contrary, in 
ABSORB, the representative image of each cluster is sent 
to the higher level, which is a warped individual image 
with all key anatomical structures, and the groupwise 
registration accuracy at a higher level can be guaranteed. 
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3. Experiments 
In this section, extensive experiments on both synthetic 

and real datasets are performed to show the performance 
of ABSORB. For comparison, the results from the group 
mean method [7] and the tree-based registration method 
[13], are also provided. In all experiments, we set the 
maximum levels of the built hierarchical structure as 4, 
and the weight factor ߙ ൌ 0.5 in (1). 

3.1. Synthetic dataset 
A synthetic dataset with 61 images simulating the sulci 

and gyri around the cortical region in MR brain images is 
shown in Fig. 2(a). From the central image with a single 
wide gyrus, three different types of images are generated. 
Each type has 20 images with four of them shown in each 
branch of the Y-shaped structure in Fig. 2(a).  

After performing the groupwise registration with all 
three methods, the registered images are placed in the 
same location of the Y-shape structure in Fig. 2(b-d). The 
group mean method cannot register the images with two or 
three gyri together since the bottom part of the sulcus is 
lagging behind the motion of its neighboring anatomies 
during the registration and thus a deep fissure is formed 
with a similar depth at the corresponding position of each 
sulcus. This is resulted mainly because the group mean 
image is initially very blurry, and it is very difficult for 
those sulci parts to warp towards the right direction 
consistently. In Fig. 2(c) and (d), the results of tree-based 
method and ABSORB are shown together with the final 
built atlas, respectively. The results of the tree-based 
method are visually similar to those of ABSORB because 
the root node is selected to be very close to the 
geometrical mean. We can see that all the images with 
different number of sulci and different depth of each 
sulcus have been well registered onto the final atlas.  

We illustrate the registration process of ABSORB on 
the synthetic dataset in Fig. 3(a-d). The original dataset 
(red points) is projected onto a 2D space by the Principal 
Component Analysis (PCA), and the updated image set in 
all later iterations is projected onto the same 2D space to 
visualize the converging process. The population is 
converging in Fig. 3(a-c), with the moving direction of 
each subject determined by both its qualified neighbors 
and the (tentatively estimated) global center. After 16 
iterations, it reaches a stable distribution, and all repre-
sentative images form a new dataset and move up to the 
next level (Fig. 3(c)). On the second level, the same 
procedure is applied to a much smaller population. Finally, 
the whole registration process arrives at the top level 
where all images are registered well and clustered into a 
single group (Fig. 3(d)).  

For comparison, the registration results by the group 
mean method and the tree-based method on the same 2D 
projection space are shown in Fig. 3(e) and (f). It is shown 

Figure 2: The experimental results on the synthetic dataset: (a)
the original images and the blurry mean image, the registration
results by (b) the group mean method, (c) the tree-based method
(c), and (d) ABSORB. The final atlas built by each method is also
shown to the bottom right of each plot accordingly. 

Figure 3: The illustration of the registration process of ABSORB
on the synthetic dataset (a-c). The registration results of
ABSORB (d), the group mean method (e) and the tree-based
method (d) are also displayed, respectively. 
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that the registration results of ABSORB are much more 
compact than that of the group mean method. In Fig. 3(e), 
we can see that, after the first iterative registration by the 
group mean method, the warped dataset travels away from 
the manifold (i.e., the data structure represented by three 
branches) because of the use of initially very fuzzy mean 
image as shown in Fig. 3(a). In Fig. 3(f), the registration 
result of tree-based method is also shown, which is not as 
dense as that of ABSORB. 

3.2. Real dataset 
A brain MR image dataset with 18 subjects is used to 

further evaluate the performance of ABSORB on real 
images with large anatomical variations. First, we visually 
compare the atlases generated by three different methods 
in Fig. 4. It can be seen that the atlas image from 
ABSORB (Fig. 4(c)) is slightly sharper than that of the 
group mean method (Fig. 4(b)), although they are quite 
similar to each other. The atlas from the tree-based method 
(Fig. 4(e)) is biased to the selected root image (Fig. 4(d)), 
although it is sharper. From the result of the tree-based 
method on both synthetic and real datasets, we can see 
that, if the selected root image cannot represent the 
dataset, the registration process, as well as the built atlas, 
will be deviated from the group center.  

The improvement of ABSORB can be examined more 
clearly by measuring the overlap rates on different tissues, 
i.e., white matter (WM), grey matter (GM), and ventricle 
(VN), and the average entropy on the registered tissue-
segmented images. Here, we use the Jaccard Coefficient to 
measure the similarity between two regions, which is 
defined as ܬሺܷ, ܸሻ ൌ |ܷ ת ܸ| |ܷ ׫ ܸ|⁄  for two aligned 
region U and V, where |·| defines the area of region under 
consideration. The average overlap rates of different ROIs 
in the registered image set are provided in Table 1. Our 
method achieves the best overlap rates on all three 
different tissues, and the average increase over the other 
two methods is about 4.0%. The average entropy of our 
method on the aligned tissue-segmented images is 0.17, 
which is about 10% better than the group mean method 
and the tree-based method. 

 The robustness to the outliers of different registration 
methods is also compared. The registration results of three 
methods are shown in Fig. 5 by projecting all the 
registered subjects onto the same 2D space. It can be 
observed that the final registered images of ABSORB and 
the tree-based method are more concentrated around the 
geodesic mean than those of the group mean method. In 
other words, the group mean method is easily to be 
distracted by the outliers, e.g., the left-most and the 
bottom points in Fig. 5(a). It is worth noting that the 
registration results of ABSORB and the tree-based method 
are also more densely distributed in the space than those of 
the group mean method. 

Table 1. The average overlap rates and average entropy on 
the registered segmentation images. 

 Overlap rate (%) Entropy GM WM VN 
Original data 35.5% 45.4% 48.6% 0.33 
Group mean 49.0% 68.0% 72.6% 0.19 
Tree-based 51.7% 61.9% 74.6% 0.19 
ABSORB 54.0% 71.0% 76.6% 0.17 

 
The registration paths are also examined in Fig. 5(d) to 

compare the smoothness of paths generated by different 
methods. We select three different subjects (as labeled in 

Figure 4: The mean image for the original dataset (a), the atlas 
image constructed by the group mean method (b), and the 
proposed ABSORB method (c) are shown in the top. For the tree-
based method, its selected root image and the corresponding atlas 
are shown in (d) and (e), respectively. 

Figure 5: The registration results of the group mean method (a), 
the tree-based method (b), and ABSORB (c) on 18 elderly brain 
images are projected on the same 2D subspace. The registration 
paths produced by three different methods are delineated in (d). 
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Fig. 5(d)), and the registration path for each of them is 
delineated by connecting all segments from its original 
position to the final position. It can be seen that the path 
generated from our method is always much smoother and 
more direct to the final location than that of the tree-based 
method, which is more twisted and devious. The main 
reason is that each deformation segment along the path of 
our method is the result of averaging several different 
moving directions, and also that different segments on the 
same path share a similar direction to the global center. 
However, in tree-based method, the path is pre-determined 
by a tree and a fixed root before image registration 
starting, without considering the dynamic change of 
overall distribution of the dataset after iterations. Also, the 
moving directions of different segments on the same path 
are independently estimated in the tree-based method, thus 
potentially resulting in a more zigzag path and affecting 
the registration results. The paths generated by the group 
mean method become nearly unchanged after the first 
round of registration, which indicates that the group mean 
method could be easily trapped by the local minima. 

To demonstrate the performance of ABSORB on a large 
dataset, we apply all three methods on a dataset with 161 
real brain MR images. The measurements on overlap rates 
and average entropy are listed in Table 2. ABSORB still 
ranks top on all measurements.  

Table 2. The average overlap rates and average entropy on 
the image dataset with 161 subjects for different methods. 

 Overlap rate (%) Entropy GM WM VN 
Original data 36.8% 45.9% 48.3% 0.37 
Group mean 49.9% 68.1% 71.8% 0.21 
Tree-based 51.2% 54.4% 74.6% 0.25 
ABSORB 55.0% 71.1% 74.7% 0.19 

4. Conclusion 
A new groupwise registration framework, called Atlas 

Building by Self-Organized Registration and Bundling, or 
ABSORB, has been presented. Two novel strategies, self-
organized registration and image bundling are employed 
to perform the groupwise registration hierarchically by 
automatically building a pyramid of images during the 
registration procedure. Extensive experiments have been 
conducted to show that ABSORB can perform the 
registration more accurately and consistently, compared to 
other two popular groupwise registration methods. In the 
future, we will apply ABSORB to clinical dataset and test 
its performance in detecting brain abnormalities. 
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