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a  b  s  t  r  a  c  t

Objective:  We  present  a novel  intensity-based  algorithm  for  medical  image  registration  (IR).
Methods  and  materials:  The  IR problem  is formulated  as a  continuous  optimization  task,  and  our work
focuses  on  the  development  of  the  optimization  component.  Our  method  is designed  over  an  advanced
scatter  search  template,  and  it uses  a combination  of  restart  and  dynamic  boundary  mechanisms  inte-
grated  within  a multi-resolution  strategy.
Results:  The  experimental  validation  is  performed  over  two  datasets  of human  brain  magnetic  resonance
imaging.  The  algorithm  is evaluated  in both  a stand-alone  registration  application  and  an  atlas-based
segmentation  process  targeted  to the deep  brain  structures,  considering  a  total  of 16  and  18 scenarios,
respectively.  Five  established  IR  techniques,  both  feature-  and  intensity-based,  are  considered  for  com-
parison  purposes,  and ground-truth  data  is  used  to  quantitatively  assess  the quality  of  the results.  Our
approach  ranked  first  in  both  studies  and  it is  able  to outperform  all competitors  in 12  of 16  registration

scenarios  and  in 14  of  18 registration-based  segmentation  tasks.  A statistical  analysis  confirms  with  high
confidence  (p <  0.014)  the  accuracy  and  applicability  of  our  method.
Conclusions:  With  a proper,  problem-specific  design,  scatter  search  is able  to provide  a robust,  global
optimization.  The  accuracy  and  reliability  of  the registration  process  are  superior  to those  of  classic
gradient-based  techniques.
. Introduction

In its most general formulation, image registration (IR) [1] is
he task of aligning two or more images in order to establish a
patial correspondence of their common content. Such images usu-
lly have the same or a similar subject but have been acquired
nder different conditions, such as time and viewpoint, or by mul-
iple sensors. In medical image analysis, IR is a key technology
hat allows to “fuse” visual information from different sources
2]. Applications include combining images of the same subject
rom different modalities, aligning temporal sequences of images

o compensate for motion between scans, image guidance dur-
ng interventions and aligning images from multiple subjects in
ohort studies. The remarkable developments in medical imaging
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technology over the last decades determine a constant demand
for better image processing and analysis techniques. Dealing with
novel, more diverse, and increasingly accurate sources of imaging
data is the main challenge in IR and it explains why it is still a very
active research field.

The alignment between two images is specified as a spatial
transformation, mapping the content of one image to the corre-
sponding area of the other. A popular strategy among IR methods
is to perform the alignment by considering only salient and distinc-
tive parts of the image, such as lines, corners and contours, called
features. This strategy has the advantage of greatly reducing the
complexity of the problem, but relies on the ability to detect the
features correctly. However, this approach is limited to the cases
in which features alone are able to characterize the image content.
IR methods following this approach are called feature-based [2,1],
while the term intensity-based (or voxel-based) names the methods
in which the whole image data is used.
Regardless of this division, the core of every IR technique is
an optimization process that explores the space of geometrical
transformations. Two strategies are available. In parameters-based
approaches the search is directly performed in the space of the
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ransformation parameters. Hence, a solution is a vector of values
or the parameters of the registration transformation. In matching-
ased approaches, features are matched through a search in the
pace of feature correspondences; once a suitable matching has
een found, the transformation parameters are derived accordingly
y numerical methods. In both cases the search is guided by a sim-

larity metric,  a function that measures the degree of resemblance
etween the input images. This can be done either by comparing
he whole images or just their corresponding features. Traditional
arameters-based methods use classic gradient-based optimiza-
ion algorithms, while matching-based methods use matching
lgorithms like iterative closest point (ICP) [3].

Many features of IR problems, such as noise, discretization and
ifferences in the order of magnitude of the transformation param-
ters still pose a challenge to traditional optimization methods.

 number of alternative approaches are based on metaheuristics
4], which have proven their ability to deal with complex real-
orld problems in a large number of fields, including computer

ision and image processing. In particular, metaheuristic-based
egistration approaches have demonstrated to be a promising
olution to overcome the drawbacks of traditional optimization
lgorithms [5,6]. Scatter search (SS) [7–9] is a prominent example
f such techniques. It has already been applied to image registra-
ion problems as optimizer of feature-based approaches. In IR, SS
as been successful both when used to find matchings among fea-
ures [10] as well as in searching for the transformation parameters
irectly [11].

In this work, SS is used as base for a novel intensity-based IR
ethod. The algorithm is specifically designed to take advantage

f the characteristics of the IR process to improve the optimiza-
ion. To evaluate its effectiveness, our method is compared with an
eterogeneous group of competitors in two experimental studies

nvolving simulated and real medical images. A thorough analysis
f the results is performed, and their significance is assessed by
eans of different statistical tests.
The paper is structured as follows. In Section 2, we  review the

mage registration problem and present several techniques to solve
t. Section 3 introduces the basics of SS and the design of our IR

ethod. In Section 4, we present the experimental studies along
ith the analysis of their results. Finally, conclusions are provided

n Section 5.

. Image registration

A typical IR problem involves two images, conventionally called
odel (IM) and scene (IS), with different roles in the registration
rocess. The model is the reference (or target) image, while the
cene is the image that is transformed to reach the geometry of the
ther. The registration aims to find a geometric transformation f
hat aligns the scene to the model; in other words, f is such that the

odel IM and the transformed scene f(IS) are as similar as possible.
Several components characterize an IR method. First we  have

he transformation model,  that determines which kind of trans-
ormation can be used to align the images. This choice depends
ntirely on the concrete application; very simple models such as
ranslation transform can be enough in certain contexts such as
emote sensing [12]. At the other end of the spectrum there are
on-rigid (also called elastic) transformations, such as B-spline and
hin-plate splines transformations, able to represent local deforma-
ions (warpings) using hundreds or even thousands of parameters.
ther common choices include rigid transform, which allows trans-
ation and rotation, similarity transform, which also admits scaling,
nd affine transformation, which can also represent shearing. These
re examples of global transformations having respectively 6, 7 and
2 degrees of freedom for 3D images.
Fig. 1. The interactions among the components of a registration technique.

The second component of any IR method is the similarity met-
ric,  a function F(I1, I2) that measures the degree of resemblance
between two  images. As the final performance of any IR method
depends on the accurate estimation of the alignment of the images,
this is a crucial IR component [13]. The quality of a transformation
f is obtained by computing the similarity metric over the model IM
and the transformed scene f(IS). The actual evaluation mechanism
depends on the nature of the registration approach. In feature-
based methods the similarity metric usually measures the distance
between corresponding features [14]. For instance, the alignment
can be evaluated using mean square error (MSE) between the points
of the model and those of the transformed scene. If the model has
r feature points, each point xi is assigned to the closest point in the
transformed scene ci, and the MSE  is given by:

MSE  = 1
r

r∑

i=1

‖xi − ci‖2

In intensity-based approaches, instead, the resemblance of the
intensity values in the two images are considered. Sum of squared
differences (SSD), normalized correlation (NC) and mutual informa-
tion (MI) [15,16] are typically used. The subject of the images and
their acquisition technique determine the kind of the relationship
between the intensity distributions, which in turn decides what
similarity metrics are appropriate. For instance, when two  images
have been acquired using different sensors, a scenario called multi-
modal registration, the relationship between the intensity values in
the images can be strongly non-linear. While NC can handle a linear
relationship, metrics based on information theory, such as MI,  are
better suited for this scenario. MI  is defined as

MI  =
∑

s∈LS,m∈LM

p(m, s, f )log2
p(m, s, f )

pM(m) pS(s, f )

where LM and LS are sets of regularly spaced intensity bins centers, p
is the discrete joint probability and pM, pS are the marginal discrete
probabilities of the model and scene images.

The third main component of an IR method is the optimizer. It is
responsible for finding the best transformation, in terms of similar-
ity metric, among the transformations in our transformation model.

Fig. 1 shows the flow chart of the whole registration process.

Each optimizer has a different search strategy, which depends
also on the nature of the algorithm. One approach is to perform
the search directly in the space of the transformation parameters.
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Table  1
The IR algorithms included in our experimental study.

Nature Strategy Optimizer

I-ICP Feature Matching Gradient descent
Dyn-GA Feature Parameters Genetic algorithms
SS*  Feature Matching Scatter search
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ASGD Intensity Parameters Gradient descent
GA+ Intensity Parameters Genetic algorithms
SS+ Intensity Parameters Scatter search

his turns the registration in a continuous optimization problem,
herefore classic numerical optimization algorithms can be used.
radient descent, Newton’s method, Powell’s method and discrete
ptimization [17] are among the most common choices along with
pproaches based on evolutionary computation (EC) and other
etaheuristics [18–26]. IR algorithms that follow this approach are

hen called parameter-based. An alternative approach consists in
earching for a matching between features or areas of the image.
rom the match one can derive the parameters of the corresponding
ransformation using numerical methods. This class of algorithms
s called matching-based. The iterative closest point algorithm is a
amous example following the latter approach [27–29]. ICP uses
he closest-point assignment rule (i.e. a model point is assigned to
he closest transformed scene point) to perform the match. Once

 match is established, the corresponding transformation is com-
uted using least squares estimation or other more robust model
tting techniques [30].

Finally, we mention two minor components that play a role
n the registration. In intensity-based methods, computing the
imilarity metric on the whole images is usually unfeasible and
nnecessary, therefore a sampling strategy determines how many
nd which voxels are actually used. Those are usually selected at
andom with uniform probability or sampled along a regular grid.

Second, it is common to perform the registration in multiple
tages. Increasingly larger and more detailed versions of the input
mages are used at each stage. In the first stage, the optimizer finds

 solution to a coarse version of the registration problem. In each
f the further resolutions, part of the details of the input images is
estored and the optimizer aims to adapt the solution of the previ-
us phase to fit the new, more detailed data. The multi-resolution
trategy determines which kind of processing is performed on the
mages in each different stage of the registration; usually the pro-
edure includes down-sampling and smoothing. The sequence of
mages used during the registration is called pyramid.

In the rest of this section we present a selection of remark-
ble IR algorithms that will be later compared in an experimental
tudy. The group is quite heterogeneous in terms of nature of the
pproaches, search strategies and optimizers (see Table 1), encom-
assing most of the combinations of approaches presented in the
revious section. We  begin with two modern versions of classic

R methods and then move to algorithms based on EC and other
etaheuristics.
I-ICP. This extension of the original ICP proposal has been

ntroduced in Liu [28]. In comparison with its predecessor, I-ICP
ntroduces the use of collinearity to assess the quality of a match-
ng. Consider two points x, y of the model and their corresponding
oints x′, y′ in the scene. If the matching is good, x′ and y′ should
oth be close to the straight line l passing through x, y. The distances
(x′, l) and d(y′, l) provide additional information on the matching
hat I-ICP exploits to find better solutions. Moreover, the algorithm
as a more complex termination mechanism. Once the algorithm
as converged to a solution, a tiny, random perturbation is applied

o it, then the algorithm continues. This step is repeated until the
lgorithm converges to the same solution found before the per-
urbation. This helps I-ICP to traverse local optima, increasing its
obustness.
 in Medicine 60 (2014) 151–163 153

Adaptive stochastic gradient descent. Adaptive stochastic gra-
dient descent (ASGD) [31] is an optimization method designed
for intensity-based IR. The algorithm is an extension of the
Robbins–Monro stochastic gradient descent method in which some
of the parameters are automatically computed, in particular the
step size. In the comparison of intensity-based IR methods pre-
sented in [32], ASGD outperformed the other algorithms in both
affine and elastic registration problems. The algorithm uses a ran-
dom image sampler and a multi-resolution strategy in which the
images in the pyramids are obtained by applying both downsam-
pling and Gaussian smoothing.

Dyn-GA. Dyn-GA [22] is a parameter-based IR technique based
on a real-coded Genetic Algorithm (GA) [33]. The algorithm uses
fitness-proportionate selection and a novel crossover operator that
swaps a number of genes between the two  individuals. The muta-
tion replaces the value of a randomly selected gene; the new value
is drawn from a range that depends on the fitness of the individual:
the larger the fitness, the larger the range. Also, as the optimization
progresses, the ranges of transformation parameters are restricted
around those of the individuals in the population, so that the search
is focused near the current solutions.

GA+. GA+ has been proposed in [34] as an intensity-based
method whose optimizer is a GA. The registration is performed
through a search in the space of transformation parameters, there-
fore the GA is real-coded and uses real-coded operators such as
BLX-  ̨ crossover. GA+ can handle a number of transformation mod-
els and similarity metrics. It also support multiple resolutions. A
restart mechanism is used at the end of the first resolution. If the
fitness of the best individual is greater than a fixed threshold, the
registration moves to the second resolution, otherwise the first res-
olution is performed again. Experiments showed this mechanism
helps the algorithm to achieve a better performance at a low extra
computational cost.

SS*. SS* [10] is a matching-based approach using the SS opti-
mization algorithm (see Section 3). The proposal is specifically
designed to work with a class of features, crest lines points, and
exploits the knowledge of the local curvature of the points to per-
form the matching. In addition, the authors proposed an advanced
coding scheme, in which a matching is represented as a permuta-
tion of points, and a novel design for some of the components of
SS.

3. Scatter search design for intensity-based IR

SS was originally proposed by Glover [7] in the context of integer
programming. The main idea behind SS is to recombine systemat-
ically a reference set of high-quality solutions, possibly obtained
using different techniques. Most SS implementations to date have
been based on the SS templates presented in [8,9]; our exposition
follows the well-known five-methods template introduced in the
latter. These methods are:

• a  diversification generation method that generates a set of diverse
trial solutions;
• an improvement method, used to enhance a solution, usually

applying an heuristic method;
• a reference set update method to build and maintain a reference

set of solutions selected for their quality or diversity;
• a subset generation method,  by which sets of solutions from the

reference set are created;
• a solution combination method that combines a set of solutions
into one or more new solutions.

An outline of the complete SS procedure [9] is shown in
Algorithm 1. At the beginning, a number of solutions are created,
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mproved and stored in a temporary container P of size PSize.
he reference set is then updated by selecting the best solutions
etween P and the reference set itself. Next, the process enters a

oop (line 8) that iterates the core SS procedure until a stopping con-
ition is met, controlling the duration of the optimization. Then, an

nner loop begins. First, subsets of solutions from the reference set
re created. Each subset is combined into a new solution, which is
hen improved and stored in another container, Pool. Next, the ref-
rence set is updated with the best solutions among those in Pool
nd the current reference sets. If no new solution has entered the
eference set, the inner loop ends. Finally, a new set P is created as
n the beginning of the algorithm.

A popular variant of the canonical SS design is the 2-tier design
9], in which the reference set is divided in two tiers. One tier, called
he quality reference set, stores the b1 most high quality solutions,
hile the other, the diversity reference set, contains the b2 solutions
aving high diversity with respect to those in the first tier. Each
ier is ordered according to either quality or diversity, and during
he reference set update procedure the new solutions having the
ighest values of quality or diversity are considered for inclusion

nto the reference set. The advantage of this design is that it adds
iversity to the search instead of focusing only around the best
olutions found, avoiding premature convergence.

lgorithm 1 (A generic optimization procedure based on SS.).

1 ReferenceSet ←∅;
2 P ←∅;
3 While |P| < PSize do
4  x ← DiversificationGeneration();
5 x′ ← ImprovementMethod(x);
6 ifx′ /∈ P then add x′ to P
7  end
8 While ¬ stop condition do
9 Update the ReferenceSet by selecting the best b solutions in

ReferenceSet ∪ P;
10 NewElements ← true;
11 Pool ←∅;
12 While NewElements do
13 Subsets ← SubsetGeneration();
14 NewElements ← false;
15 While Subsets /= ∅ do
16  S ← pop(Subsets);
17 x ← SolutionCombination(S);
18 x′ ← ImprovementMethod(x);
19 If x′ /∈ Pool bf then Add x′ to Pool
20 end
21 Update the ReferenceSet by selecting the best b solutions in

ReferenceSet ∪ Pool;
22  IfReferenceSet has new elements then
23 NewElements ← true
24 end
25 Build a new set P using the diversification generation and

improvement methods;
26  end
27 end

In what follows we present the design of the proposed IR
ethod, called SS+. The effectiveness of any SS implementation

epends on a proper design of the previous five methods that must
e specific to the optimization problem at hand. As we  reviewed in
ection 2 the main components of an IR approach are the transfor-
ation model, the similarity metric and the optimizer. In general,

he choice of the transformation model and the similarity met-
ic are highly problem-dependent. Our method has been designed
o support multiple transformation models. SS+ is able to han-
le all parametric transformation models, from the simple Euler

ransform up to B- and thin-plate splines. Regardless of the con-
rete transformation model, a solution is stored as a vector of real
alues, corresponding to its parameters. In medical imaging the
mages also store the physical size of the voxels, so we can encode
 in Medicine 60 (2014) 151–163

some of the transformation parameters in physical units, e.g. trans-
lations can be specified in millimeters rather than in number of
voxels. Analogously, different similarity metrics are supported and
its choice is left to the user. In the algorithm, the actual similarity
metric value is directly used as fitness.

Our efforts have been devoted to the design of the opti-
mizer component. Our proposal is based on a SS algorithm
with 2-tier design. First, we present the five SS methods espe-
cially designed to deal with IR as a continuous optimization
problem.

Diversification generation method. We  adopt an approach
based on frequency memory [35] to ensure the search space is
explored in a uniform manner. The range of each transformation
parameter is divided in four sub-ranges of equal size and a fre-
quency counter is associated to each of them. A solution is built
in two  steps. First, for each transformation parameter, a sub-range
is chosen at random with a probability inversely proportional to
its frequency count. Then, the actual values of the parameters
are selected at random within the selected sub-ranges with uni-
form probability. Finally, the corresponding frequency counters are
increased.

Subset generation method. Our method generates subsets hav-
ing two elements. First, the solutions from the quality reference set
are considered, yielding b1(b1− 1)/2 subsets. Then, the diversity
reference set is used, so that other b2(b2− 1)/2 subsets are gener-
ated. Finally, we  combine solutions from the quality and diversity
reference set, adding b1b2/2 sets to the result.

Solution combination method. To combine solutions we use the
BLX-  ̨ crossover operator [36], a common choice in real-coded Evo-
lutionary Algorithms. Two solutions x and y are provided as input.
For each position i of their encoding, the operator computes the
value di = |xi− yi| and then it randomly generates a value z in the
interval [min(xi, yi) − ˛d, max(xi, yi) + ˛d] with uniform probability.
The value z is assigned to the ith position of the resulting solution.
The parameter  ̨ controls the width of the ranges in which the new
values are drawn.

Improvement method. Our improvement method is a local
search based on a crossover operator. To improve a solution x, we
perform crossover with a randomly chosen solution y from either
the reference set or P. This results in a number of new solutions
z1, . . .,  zm, depending on the actual crossover operator in use. The
best solution among x, y, z1, . . .,  zm is then considered as output,
and the whole process is repeated for a number of iterations. Note
that if all the solutions generated by the crossover are worse than
the original solution, the improvement method simply returns its
input x.

We use the “parent-centric” version of the BLX-  ̨ crossover
called PMX-  ̨ [37]. In contrast with the BLX-˛, the ranges for the
new solutions parameters are [xi− ˛d, xi + ˛d] and [yi− ˛d, yi + ˛d],
which indeed results in solutions that are closer to their parents.
This operator has already been used in IR and it yielded the best
results in the comparison of memetic approaches to range IR carried
out in [38].

Reference set update method. The update policy aims to main-
tain the highest quality solutions in the quality reference set and
the most diverse solutions in the diversity one. The update is
performed in three steps. First, a new quality reference set is
created using the b1 having the highest quality values in both
the current quality reference set and the pool. Then, the algo-
rithm computes a diversity measure over each solution in the
pool and in the diversity reference set. Finally, the b2 solutions
having the highest distance values in both the pool and the

diversity reference set are placed in the new diversity reference
set.

The diversity value of a solution x measures the distance
between the solution and the quality reference set S. It is defined as
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he minimum of the square difference between x and each solution
 in the quality reference set, as in

iversity(x, S) = min{distance(x, y)|y ∈ S} (1)

istance(x, y) = 1
n

n∑

i=1

(xi − yi)
2 (2)

here n is the number of components of a solution.
SS+ also includes a number of specific components that exploit

he features of the IR problem and are essential to improve the
erformance of SS.

Duplication control.  A common issue in real-coded evolution-
ry algorithm is that extremely similar solutions can be generated.
espite being different in their representation, such solutions can
e so close to each other that for all purposes they encode the same
bject. This can cause the reference set to contain only almost iden-
ical copies of the same solution, which both strongly focus the
earch around the current best solution and makes pointless the use
f multiple solutions. To avoid this behavior, we  utilize a duplica-
ion control mechanism. We  consider two solutions to be different
nly if their distance (Eq. (2)) is above a given threshold. This con-
ition is checked before the inclusion of a solution in a set (lines 6
nd 19 in Algorithm 1).

Multi-resolution strategy. Before the registration, the input
mages are processed applying both down-sampling and Gaussian
moothing in order to create two image pyramids. A few operations
n the optimizer allow it to handle the change from one resolution to
he next. The two reference sets are left untouched; as we encoded
ransformations using physical units rather than voxels, the solu-
ions are not affected by the change of the image’s size. However,
he quality of a solution changes between one resolution and the
ext due to the new details that are now visible in the images,
herefore we need to compute the fitness of the solutions again.

Restart mechanism. The motivation behind the use of restart is
imple. At the end of the first resolution, the algorithm might have
ound a very low-quality transformation. Refining such transfor-

ation is unlikely to produce a good final solution, therefore it is
ore appropriate to perform again the search for a suitable initial

egistration by restarting the algorithm. To check whether the best
olution obtained at the end of the first resolution is acceptable or
ot, one might consider to set a threshold on its fitness value (i.e.

ts similarity metric). However, the fitness value of an appropriate
olution depends on the actual content of the input images and is
ard to predict. We  adopted an alternative approach. The first res-
lution is performed a fixed number of times, independently of its
utcome. At the end of this process, the best solutions found are
onsidered for the second resolution.

The computational cost of performing a restart at the first reso-
ution is quite low, as the images involved are still small. Note that
f p is the probability of obtaining a low quality solution during the
rst resolution, performing n restarts reduces this probability to
n+1, i.e. an exponential decrease. This observation provides a rule
f thumb to estimate an appropriate number of restarts. To bound
o the probability of obtaining an inappropriate solution to a value
, just set

≥ ln(r)
ln(p)

− 1

Dynamic boundary. This component is used to further take
dvantage of the use of multiple resolutions. The initial ranges of
he transformation parameters are highly dependent on the appli-

ation, therefore they should be provided by the user. However,
s we change from one resolution to the next one, we  can assume
hat the optimal solution for the next resolution lies in the same
rea of the search space as the best solution found at the current
 in Medicine 60 (2014) 151–163 155

resolution. Therefore, we can improve the intensification of the
search by limiting the range of the transformation parameters
inside this area. This approach is called dynamic boundary [22].
Let x be the best solution found at the current resolution and l, u
be, respectively, the vector of the lowest and highest values in the
current ranges. Then, the ranges of the transformation parameters
for the next resolution are [l′, u′] where

li′ = max{xi − (ui − li)/�, li}
ui′ = min{xi + (ui − li)/�, ui}

and � > 1 is the shrinking factor. Basically, dynamic boundary
restricts the parameter ranges around the best solution, i.e. to a
�-times smaller interval centered around x. Note that even for mod-
est values of � , this can drastically reduce the size of the search
space, depending on the number of transformation parameters. For
instance, affine transformation has 12 parameters, meaning that for
� = 2, dynamic boundary reduces the size of the search space by a
factor of 212 = 4,096.

The overall structure of SS+, showing also the specific IR compo-
nents, is given in Algorithm 2. Duplication control is implemented
directly inside the SS procedure. The algorithm begins with the first
resolution and switches to the second resolution in line 8. During
the change, dynamic boundary is applied (line 10). In the first res-
olution, the restart mechanism is used (lines 2–7), and the best
solutions found during the different runs are saved and later used
in the second resolution.

Algorithm 2 (Pseudocode of SS+, highlighting the integration of the
general SS optimization procedure with advanced components specific
of IR.).

1 Compute the image pyramids of the input images by applying
downsampling and Gaussian smoothing;

2  Use the first level of the image pyramids;
3  SavedSolutions ←∅;
4  For r ← 1 To NumberofRestarts do
5 Run the Scatter Search optimization procedure;
6  Add the current solution to SavedSolutions;
7  end
8 Use the second level of the image pyramids;
9 Update fitness value of SavedSolutions;
10  Apply dynamic boundary;
11 Run the Scatter Search placing the SavedSolutions into the initial

reference set;

4. Experimental study

The aim of the experimentation is to carry out an objective com-
parison of our SS proposal and the other state-of-the-art IR methods
described in Section 2. To that end, we designed two  experiments
involving synthetic and real-world medical images. To make the
comparison as objective as possible, in addition to performing a
visual comparison of the results, the effectiveness of each method
is assessed using a quantitative validation measure specific to each
experiment. Furthermore, as most of the algorithms involved are of
non-deterministic nature, we  carried out a number of independent
runs on each scenario. Our analysis investigates several aspects of
the results. First, we  measure the performance of the algorithms
on each scenario by computing mean and standard deviation of the
validation measure and ranking the algorithms accordingly. Next,
we assess the overall performance of the algorithms in two ways:
by computing the per-scenario mean rank of each algorithm and
by counting the number of scenarios in which one outperforms

another, called wins.

In the last part of the analysis, statistical tests are performed
to determine which results are significantly different. We used
the tests and the procedures recommended in [39] for comparing
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Table 2
The characteristics of the four brain MRI  images used in the first experimental study
(Fig. 2). The noise value represents the ratio between the standard deviation of the
white Gaussian noise and the signal of the brightest tissue. The number of crest line
points, used as features, is also reported.

Image Lesion Noise # of features

I1 No None 583
I2 No 1% 393
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Table 3
Parameters of the similarity transformations we used in the experiments: rotation
angle (�), rotation axis (ax , ay , az), translation vector (tx , ty , tz) and uniform scaling
factor s.

� ax ay az tx ty tz s

T1 115 −0.863 0.259 0.431 −26 15.5 −4.6 1

The stopping criterion is running time. It is challenging to design
I3 Yes 1% 348
I4 Yes 5% 248

lgorithms over multiple problems. We  used non-parametric tests
o avoid making (or testing) any assumption about the distribution
f the results. The performance of SS+ is compared with that of the
emaining algorithms (i.e., a multiple comparison against a control
ethod), a procedure that has more power than a pairwise com-

arison of all algorithms. The tests we used are Nemenyi’s test [40]
nd sign test. The first is a post hoc procedure of Friedman’s rank
um test [41] and is based on the ranks of the algorithms. Sign-test,
nstead, compares the algorithms using only the number of wins
nd losses. As multiple comparisons are performed, the p-values of
he tests have been adjusted using Holm’s method [42] in order to
ontrol the family-wise error rate.

For all algorithms, we used the original implementations by the
uthors. I-ICP, Dyn-GA and SS* are written in C, while SS+, GA+ and
SGD are implemented in C++. Their running times can be fairly
ompared, as no bias due to the programming language or the
xecution environment is introduced. All experiments have been
erformed using an Intel Core i5-2400 CPU with 4 GB of memory.

SS+ was integrated in Elastix [32], a toolbox for intensity-based
edical image registration. Elastix is free, open-source and it has

een used in over one hundred publications in medical imaging
43]. The software is built on top of the popular “Insight Segmen-
ation and Registration Toolkit” (ITK) [44].

.1. First experiment: registration of simulated brain magnetic
esonance images

The first experiment is similar to the ones carried out in [10,34];
he current proposal extends the study of feature- and intensity-
ased methods performed in the two previous publications. For
his experiment we used four simulated brain magnetic resonance
mages (MRIs) from a public database. A total of 16 registration sce-
arios were artificially created by applying to the images a set of

our large transformations. On those IR instances, we  performed a
omparison considering a large, heterogeneous group of IR algo-
ithms.

The images used in this experiment were obtained from the
rainweb database at McGill University [45]. Brainweb provides
imulated brain MRI  along with ground-truth data, therefore it can
e easily used to evaluate the performance of various image analy-
is methods. Indeed, Brainweb has been frequently used by the IR
esearch community [46]. To create scenarios with different diffi-
ulties, we added noise and multiple sclerosis lesions to some of
he images, as detailed in Table 2. The images are shown in Fig. 2;
ach image has size 60 × 181 × 217 voxels.

This experiment compares both feature- and intensity-based
lgorithms, thus some features need to be extracted from the
mages to provide an input for feature-based algorithms. As in the
riginal comparison, we used crest line points, i.e. points where
he surface normal has a sharp variation, detected through the
pproach described in [47]. SS* also uses the principal curvatures

f the crest line points as heuristic information to guide the fea-
ure matching. Therefore, this information has been computed and
rovided to the algorithm.
T2 168 0.676 −0.290 0.676 6 5.5 −4.6 0.8
T3 235 −0.303 −0.808 0.505 16 −5.5 −4.6 1
T4 276.9 −0.872 0.436 −0.218 −12 5.5 −24.6 1.2

It is important to remark this difference: while the input of
intensity-based methods consists of the whole images data (in case,
two images made of 60 × 181 × 217 = 2, 356, 620 voxels having an
8-bit intensity value), that of feature-based approaches is a set of
just a few hundred points (Table 2).

Sixteen IR problem instances were created by choosing pairs of
different images among the four available and applying one of the
four similarity transformations shown in Table 3. Similarity trans-
formations involve rotation, translation, and uniform scaling. The
parameters values of the transformations were chosen to obtain
large changes in the object location, orientation and scale. Changes
of such magnitude are usually challenging for IR algorithms. The
scenarios we  considered in the experiments are I1 versus Ti(I2), I1
versus Ti(I3), I1 versus Ti(I4) and I2 versus Ti(I4), for i = 1, 2, 3, 4.

In order to highlight the crucial role played by the specific IR
components introduced in Section 3 on the performance of SS+, we
first present the preliminary study in Fig. 3. We  selected a sim-
ple and a complex scenario, in terms of quality of the images and
magnitude of the transformations involved, and plotted the results
obtained incrementally enabling all the components. In both sce-
narios, each component brings a noticeable improvement on the
results, which can span across a few orders of magnitude. In partic-
ular, restart has a major effect on the variability of the results, so is
beneficial in terms of robustness, while dynamic boundary affects
mostly the accuracy. An analogous pattern was observed through-
out the study. Note that, excluding this preliminary study, SS+ is
always used with all the components enabled.

In order to provide a uniform comparison of SS+ with respect to
our recent results [34], we considered the same algorithms: GA+,
ASGD, SS*, I-ICP and Dyn-GA. The parameter settings we used for
these methods are the ones corresponding to the best configura-
tions of our previous study. They were manually adjusted for this
experiment, starting from the recommended/default values pro-
vided by authors. As for SS+, the parameters values were adjusted
through a preliminary study, that was performed using an addi-
tional registration scenario not included in the experimentation.

In SS+ the registration is performed in two resolutions; at the
first resolution the images are smoothed (Gaussian smoothing,
� = 4) and downsampled by a factor of 4 in each dimension. The first
resolution is repeated two  times (i.e. one restart) independently of
the results. The algorithm used the same configuration in both res-
olutions: five elements in the quality and in the diversity reference
set, PSize set to 32, blend factor  ̨ = 0.3 for the solution combination
method and 50 iterations of PMX  with  ̨ = 0.5 for the improvement
method. Mutual information was  used as similarity metric.

For all algorithms, the transformation model is similarity trans-
form, and the transformation parameters ranges are [− 30, 30] for
the translation component and [0.75, 1.25] for the scaling factor. No
restriction was  applied to the rotation axis or to its magnitude. In
SS+, a transform is represented as a real vector with seven elements:
three specify the versor of the rotation v, three the translation t and
one the scaling s. Valid solutions require vx, vy, vz ∈ [−1, 1] and s > 0.
a fair comparison between algorithms having different inputs, in
particular inputs with very different size. Indeed, recall that while
intensity-based methods use the whole images data (or at least a
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Fig. 2. The four MRI  brain images used in the first experiment. From left to right, axial, sagittal and coronal views, along with the corresponding crest line points used as
features.
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Fig. 3. The effect of the specific IR components of SS+ on its performance. The results refer to the first experimental study, scenarios I1 vs. T1(I2) (left) and I2 vs. T4(I4) (right).
From  left to right, the components are enable in an incremental fashion, e.g. the boxplot labeled “dynamic boundary” shows the results of SS+ using duplication control,
multiple resolutions, restart and dynamic boundary. Logarithmic scale is used to show the improvement brought by each component despite the differences in their order
of  magnitude.
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ig. 4. The MSE  scored by I-ICP, Dyn-GA and SS* against running time. Results are a

arge subset), only a small fraction of the input data is actually used
n feature-based techniques. In this case, intensity-based methods
se a random subset of 25,000 voxels to compute the similarity
etric, while the average number of features in the images is 393.

his gives us a proportion of roughly 60, which is used to set the
wo time limits: 20 s for the feature-based approaches and 20 min
or the intensity-based ones. In addition, we studied the behavior of
he algorithms over time, to ensure these time limits allow them to
each convergence and deliver representative results. Fig. 4 shows
xamples of this analysis for the feature-based methods, while the
esults for intensity-based ones are reported in Fig. 5a.
.1.1. Results
As in previous works with this dataset, for each registration

cenario we performed 15 independent runs of each algorithm.
ince we are dealing with algorithms of different natures, and in
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ig. 5. The results of ASGD, GA+ and SS+ against running time. Results are averaged over 1
ow)  studies. The score of ASGD in the top row is above 30,000 and it has been omitted.
ed over 15 runs and refer to scenarios I1 vs. T1(I2) (left) and I2 vs. T4(I4) (right).

particular algorithms with different similarity metrics, we  cannot
simply contrast their values. Instead, we  have to agree on a com-
mon  measure to evaluate all solutions. We  used the MSE over the
crest line points. For the feature-based algorithms in the compar-
ison, this is simply the similarity metric used by the algorithms.
The solutions found by intensity-based algorithms were evaluated
in the same way, i.e. by applying the obtained transformation to
the scene’s features and computing the MSE  with respect to the
model’s features. We  expect this choice to introduce a small bias
in favor of feature-based algorithms. However, using a similarity
metric based on intensities might favor intensity-based methods,
therefore as we  are proposing an algorithm from the latter class, it

seems more appropriate to favor the competitors rather than our
approach.

Table 4 reports the results of the first experiment. For each sce-
nario, we reported mean and standard deviation of the MSE  values
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Table  4
Detailed results of the first experiment. For each scenario, the table reports the
average MSE, standard deviation and ranking of the algorithms in the comparison.

Algorithm MSE  Rank
Mean SD

1 ASGD 61,816.4 795.7 6
Dyn-GA 194.9 50.5 4
GA+ 36.4 0.3 1
I-ICP 344.4 5
SS*  37.0 1.5 3
SS+ 36.7 0.0 2

2  ASGD 34,773.9 238.0 6
Dyn-GA 107.5 52.1 4
GA+ 36.7 0.4 1
I-ICP 130.7 5
SS*  43.4 3.6 3
SS+ 36.9 0.0 2

3  ASGD 111,870.0 154.6 6
Dyn-GA 211.0 137.3 3
GA+ 1736.5 6216.7 5
I-ICP 894.3 4
SS* 63.2 2.9 2
SS+ 41.1 0.0 1

4  ASGD 1233.3 166.8 6
Dyn-GA 302.0 121.4 4
GA+ 32.7 0.2 2
I-ICP 631.7 5
SS*  53.9 2.6 3
SS+ 32.7 0.0 1

5  ASGD 61,063.5 309.1 6
Dyn-GA 299.3 144.1 4
GA+ 51.4 0.2 2
I-ICP 517.7 5
SS*  112.2 12.4 3
SS+ 51.4 0.0 1

6  ASGD 34,796.2 223.8 6
Dyn-GA 154.0 114.2 4
GA+ 43.8 0.2 1
I-ICP 330.3 5
SS*  56.7 4.5 3
SS+ 44.0 0.1 2

7  ASGD 110,131.2 1022.7 6
Dyn-GA 326.5 174.0 3
GA+ 1091.8 4965.8 5
I-ICP 437.8 4
SS*  63.8 46.2 2
SS+ 56.2 0.0 1

8  ASGD 1017.4 252.7 6
Dyn-GA 354.3 146.9 4
GA+ 44.5 0.3 2
I-ICP 478.0 5
SS*  122.7 8.2 3
SS+ 44.3 0.0 1

9  ASGD 58,146.8 661.0 6
Dyn-GA 255.4 228.2 4
GA+ 52.9 0.3 2
I-ICP 704.3 5
SS*  183.6 33.0 3
SS+ 52.9 0.1 1

10  ASGD 35,695.3 2465.3 6
Dyn-GA 163.1 57.5 3
GA+ 476.4 3648.3 4
I-ICP 1493.2 5
SS*  89.2 40.8 2
SS+ 46.7 0.0 1

11  ASGD 111,384.4 574.2 6
Dyn-GA 224.9 87.3 3
GA+ 2823.9 7863.5 5
I-ICP 951.3 4
SS*  82.2 45.1 2
SS+ 57.7 0.0 1

Table 4 (Continued)

Algorithm MSE  Rank
Mean SD

12 ASGD 885.8 356.7 6
Dyn-GA 414.8 258.2 4
GA+ 47.3 0.4 2
I-ICP 416.6 5
SS*  153.9 86.1 3
SS+ 47.2 0.0 1

13  ASGD 56,932.0 568.6 6
Dyn-GA 179.8 59.5 3
GA+ 35.0 0.2 2
I-ICP 237.6 5
SS*  193.1 62.0 4
SS+ 35.0 0.1 1

14  ASGD 31,521.1 6.6 6
Dyn-GA 105.7 50.8 4
GA+ 30.7 0.3 1
I-ICP 341.3 5
SS*  74.9 41.1 3
SS+ 31.0 0.1 2

15 ASGD 112,134.4 1027.4 6
Dyn-GA 192.2 115.8 3
GA+ 1104.8 5128.7 5
I-ICP 608.8 4
SS*  103.8 66.6 2
SS+ 40.4 0.0 1

16  ASGD 512.8 233.2 5
Dyn-GA 298.1 144.8 4
GA+ 29.5 0.3 2
I-ICP 1587.8 6
SS*  150.2 78.3 3
SS+ 29.2 0.0 1

Table 5
First experiment: result of Nemenyi’s test comparing SS+ with the remaining algo-
rithms. The table reports the average rankings of the algorithms and the adjusted
p-value for each comparison.

Algorithm Mean rank p-Value

SS+ 1.25
GA+ 2.38 0.0137
SS*  2.75 0.0020
Dyn-GA 3.62 0.0000

I-ICP 4.81
ASGD 5.94

obtained by the algorithms along with their ranks. The average
ranks (Table 5) and the count of wins (Table 6) provide a basic
view of the results of the comparison. We  also include a visual
comparison of the average results in the third scenario (Fig. 6).

From the highest to the lowest error ranking is ASGD, I-ICP, Dyn-
GA, SS*, GA+ and SS+. ASGD scored the largest MSE  values in all
but one of the scenarios. Its performance varies greatly depend-
ing on the scenario, but in general the mean MSE  is at least one

order of magnitude away from the best solutions. I-ICP delivered
a better, more steady performance, but still with very large MSE
values. Comparing the mean values, Dyn-GA scored better than

Table 6
First experiment: the number of scenarios in which the algorithm on the row has a
better mean MSE  value than that on the column.

ASGD Dyn-GA GA+ I-ICP SS* SS+

ASGD – 0 0 1 0 0
Dyn-GA 16 – 5 16 1 0
GA+ 16 11 – 12 11 4
I-ICP 15 0 4 – 0 0
SS*  16 15 5 16 – 0
SS+ 16 16 12 16 16 –
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Fig. 6. First experiment. A visualization of the overlapping between the scene (yel-
low)  and the model (blue). The figures refer to the third scenario. The solutions
used to create the figures are those having the closest MSE  to the mean result of
the  corresponding algorithm. In parenthesis is the MSE  value of each solution. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

Table 7
First experiment: result of sign test comparing SS+ with the other algorithms. The
table lists the algorithms along with their number of scenarios in which they have
been outperformed by SS+ (Table 6, bottom row) and the associated adjusted p-value.

Algorithm Losses p-Value

ASGD 16 0.0002
Dyn-GA 16 0.0002
GA+ 12 0.0768
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I-ICP 16 0.0002
SS*  16 0.0002

-ICP in all scenarios, with less variability between different sce-
arios, but the gap with the best results is large nevertheless. Also,
he standard deviation is often comparable with the mean, mean-
ng that the quality of the solutions varies a lot even in the same
cenario. SS* and GA+ delivered similar performances in terms of
anking: 2.75 and 2.38, respectively. SS* scored constantly quite
lose to the best results, ranking third or better in all but one sce-
ario. GA+ had a less stable behavior: it either reached very good
olutions (11 scenarios) or failed to converge and scored a really
igh MSE  value (the remaining 5 ones). Our SS approach has the

owest rank, 1.25. It found the best solutions in most of the scenarios
12 over 16) and came extremely close in the others, with differ-
nces below 1.0. The MSE  values vary in a small range, between 29.2
nd 57.7.

Table 5 reports the p-value of Nemenyi’s test comparing SS+

gainst GA+, SS* and Dyn-GA. We  included only the best ranking
lgorithms to avoid lowering the power of the test. In all three cases
he test confirms the performance of SS+ is significantly better than
hat of the competitors, with the highest p-value being that of GA+,
.0137. The sign-test comparing the number of wins (Table 7) has
imilar results. All algorithms but GA+ have a p-value of 0.0002,

hile GA+’s is considerably higher, 0.0768. The test confirms the
ifference between SS+ and the others algorithms is significant,
lthough to a lower degree.

ig. 7. The atlas-based segmentation of deep brain structures in brain MRI. First, the at
he  labeled region of the atlas (in blue). The resulting region is overlapped on the input i
eferences to color in this figure legend, the reader is referred to the web version of the a
 in Medicine 60 (2014) 151–163

4.2. Second experiment: atlas-based segmentation of real-world
MRIs

In the second experiment we used real brain MRI  images
without applying any transformation. The registration is used to
perform atlas-based segmentation of deep brain structures [48].
The quality of the segmentation obtained in this phase is used to
assess the effectiveness of the registration methods.

Atlas-based segmentation is a procedure that aims to automat-
ically delineate a region of an image using an atlas (or an “average”
image) of a similar subject in which the desired region has been
already segmented. The first step is to register the atlas (the scene)
to the input image (the model). The transformation resulting from
this phase is then used to overlap the segmented region of the atlas
to the scene. The region of the scene that overlaps the segmented
region of the atlas is the result of the segmentation process. Fig. 7
illustrates the process. Often, atlas-based segmentation is used as
preliminary step in a more complex segmentation approach.

Thirteen T1-weighted brain MRI  were retrieved from the NMR
database [49]. The deep nuclei structures in each image have been
manually delineated by an expert in order to create the ground-
truth data used to evaluate the registration. Fig. 7 shows one of the
images along with the corresponding deep nuclei. Eighteen regis-
tration scenarios were created by selecting pairs of different images
at random.

Given the nature of this experiment, we  compare only intensity-
based algorithms: SS+, GA+ and ASGD. The transformation model is
affine transform, which involves rotation, translation, scaling and
shearing, and it can be represented using 12 real parameters. Affine
transform is a popular choice in registration of medical images [50].
It is flexible enough to represent a wide range of transformations
and it does not produce anatomically unrealistic results, as it could
happen with deformable models. An affine transform is specified by
a linear transformation (a 3 × 3 matrix A = {ai,j}) and a translation
vector t. In SS+, both elements are combined in a real vector (a1,1,
a1,2, . . .,  a3,2, a3,3, tx, ty, tz) with 12 elements. The valid range of each
matrix element ai,j is computed from the limits imposed over rota-
tion, scaling and shearing. As the concrete parameter values of the
optimal registration transformations are not known, we estimated
parameters intervals considering a big enough range to include
all registration solutions for this application. We  allowed rotations
between −90◦ and 90◦, scaling in the range [0.9, 1.1], shearing in the
interval [− 0.1, 0.1] and translations between −15 cm and 15 cm.

For GA+ and SS+ we kept the same configuration used in the first
experiment. For ASGD we tested several configurations varying the
number of resolutions (2, 3 and 4) and iterations (500, 1000 and
2000). In what follows we  report only the results obtained with the
best configuration, which uses 4 resolutions and 1000 iterations.

The stopping criterion is a time limit of 10 min. Note that no
aims to compensate for the variability in the pose of the patient dur-
ing the acquisition of the images. Therefore, with respect to the first
experiment, the “magnitude” of the transformations to be found is

las is registered to the input image and the resulting transformation is applied to
mage (in yellow) to determine the output of the process. (For interpretation of the
rticle.)
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Table 9
Second experiment: result of Nemenyi’s post-hoc procedure when comparing SS+

with the remaining algorithms. The table reports the average rankings of the algo-
A. Valsecchi et al. / Artificial Intell

uch smaller. This results in a smaller search space, which in turn
ields faster convergence for the algorithms, justifying the smaller

ime limit of this experiment. This phenomenon can be observed
hroughout the experimental study; two examples are shown in
ig. 5.

able 8
etailed results of the second experiment. For each scenario, the table reports

he average overlap, standard deviation and ranking of the algorithms in the
omparison.

Algorithm Overlap Rank
Mean SD

1 ASGD 0.742 0.001 3
GA+ 0.751 0.010 2
SS+ 0.751 0.008 1

2  ASGD 0.679 0.003 1
GA+ 0.669 0.019 3
SS+ 0.673 0.026 2

3  ASGD 0.616 0.005 1
GA+ 0.615 0.033 2
SS+ 0.596 0.026 3

4  ASGD 0.677 0.003 1
GA+ 0.676 0.012 3
SS+ 0.677 0.008 2

5  ASGD 0.682 0.000 1
GA+ 0.671 0.006 2
SS+ 0.670 0.005 3

6  ASGD 0.691 0.001 3
GA+ 0.698 0.011 2
SS+ 0.722 0.018 1

7  ASGD 0.621 0.007 3
GA+ 0.635 0.015 2
SS+ 0.652 0.027 1

8  ASGD 0.756 0.010 2
GA+ 0.755 0.009 3
SS+ 0.773 0.012 1

9  ASGD 0.634 0.006 3
GA+ 0.656 0.014 2
SS+ 0.670 0.022 1

10  ASGD 0.738 0.003 2
GA+ 0.734 0.011 3
SS+ 0.740 0.011 1

11  ASGD 0.717 0.011 3
GA+ 0.736 0.012 2
SS+ 0.750 0.013 1

12  ASGD 0.684 0.005 3
GA+ 0.704 0.024 2
SS+ 0.716 0.022 1

13  ASGD 0.686 0.009 3
GA+ 0.717 0.015 2
SS+ 0.718 0.014 1

14  ASGD 0.680 0.005 3
GA+ 0.713 0.011 1
SS+ 0.693 0.019 2

15  ASGD 0.741 0.001 3
GA+ 0.751 0.020 2
SS+ 0.769 0.023 1

16  ASGD 0.751 0.012 3
GA+ 0.769 0.017 2
SS+ 0.779 0.011 1

17  ASGD 0.754 0.004 2
GA+ 0.745 0.017 3
SS+ 0.756 0.020 1

18  ASGD 0.624 0.004 3
GA+ 0.672 0.044 2
SS+ 0.689 0.030 1

rithms and the adjusted p-value for each comparison.

Algorithm Mean rank p-Value

SS+ 1.39
GA+ 2.22 0.0124
ASGD 2.39 0.0054

Table 10
Second experiment: the number of scenarios in which the algorithm on the row has
a  better mean overlap value than that on the column.

ASGD GA+ SS

ASGD – 7 4

GA+ 11 – 3
SS+ 14 15 –

4.2.1. Results
The quality of atlas-based segmentation depends closely on the

accuracy of the registration step, although the anatomical variabil-
ity of the target region can limit its effectiveness. In this experiment
we validate the results of the registration algorithms by carry-
ing out atlas-based segmentation of deep nuclei. For each scenario
we performed 32 independent runs of each algorithm. The model
image is used as atlas, while the scene is employed as input image.
The segmented region obtained from the registration VR is then
compared with the ground-truth VGT. The overlapping of the two
regions is commonly measured using the Dice’s coefficient [51],
given by

Dice(VR, VGT) = 2|VR ∩ VGT|
|VR| + |VGT|

where | · | is the number of voxels. A value of 1 means perfect over-
lapping, while 0 means the two  regions do not overlap at all.

The results of the second experiment are reported in Table 8.
We computed the mean and standard deviation of the overlap and
ranked the algorithm accordingly for each scenario. Tables 9 and 10
show the mean ranks and the count of wins for the three algorithms
in the comparison. Finally, Fig. 8 shows a comparison of the average
results in the seventh scenario.

The overlap values can differ considerably across the scenarios,
reflecting the fact that the effectiveness of this kind of segmenta-
tion can vary depending on the concrete anatomy of the patients.
In general, GA+ and ASGD have similar results, whereas SS+ ranked
constantly better than the others. In contrast with the previous
experiment, even though it ranked last on average, ASGD delivered
an acceptable performance. This is due to the lower “magnitude”
of the transformations involved, more suitable for a local search
method. However, note that the low variability of its overlap values
means almost all solutions have a lower quality than the average
solution found by the other two  algorithms. GA+ had a similar per-
formance: it has almost the same mean rank and it ranked better
than ASGD in slightly more than half of the scenarios (11 cases).
The performance of SS+ is the best one of the comparison. Our
proposal outperformed the other algorithms both in terms of mean
rank (1.39 against 2.22 and 2.39) and number of wins (14 and 15
against GA+ and ASGD, respectively). The result of Nemenyi’s test,

Table 11
Second experiment: result of sign test comparing SS+ with ASGD and GA+. The table
lists the algorithms along with their number of scenarios in which they have been
outperformed by SS+ (Table 10, bottom row) and the associated adjusted p-value.

Algorithm Losses p-Value

ASGD 14 0.0309
GA+ 15 0.0151
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eported in Table 9, shows the difference with both algorithms is
tatistically significant to a high degree (0.0124 for GA+ and 0.0054
or ASGD). The sign-test (Table 11) confirms the thesis, although
ith slightly higher p-values (0.0151 for GA+ and 0.0309 for ASGD).

. Conclusions

We  have described the design and implementation of a novel
etaheuristic technique to solve medical IR. Our approach is

ntensity-based and performs the optimization in the space of
ransformation parameters. The five components of the SS template
re specifically designed to tackle IR; in addition, we  integrated

 multi-resolution strategy with two optimization components.
irst, the restart mechanism that allows the algorithm to deliver

 more robust performance at the cost of a low extra computa-
ional effort. Second, the dynamic boundary that focuses the search
n the appropriate region of the search space as the optimization
rogresses.

The merit of our approach is proved experimentally in two sep-
rate studies involving synthetic and real-world medical images.
ach study included a comparison with other state-of-the-art IR
ethods using a wide range of approaches to the problem. In both

tudies, SS+ delivered the best mean performance, with a statisti-

ally significant improvement over the competitors.

The most natural extension to the current work is to tackle
eformable registration. This is still an area of on-going research.
n one hand, there is an increasing interest in such technology
ly segmented volume (red) and the ground truth (white). The figures refer to the
rlap value to the mean result of the corresponding algorithm. In parenthesis is the

 legend, the reader is referred to the web version of the article.)

for clinical applications; on the other, automated solutions have
not yet reached the same degree of maturity as for rigid or affine
registration.
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