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Abstract— For the past decade, improving the performance
and accuracy of medical image registration has been a driving
force of innovation in medical imaging. Accurate image
registration enhances diagnoses of patients, accounts for changes
in morphology of structures over time, and even combines images
from different modalities. The ultimate goal of medical image
registration research is to create a robust, real time, elastic
registration solution that may be used on many modalities. With
such a computationally intensive and multifaceted problem,
researchers have exploited parallelism at different levels to
improve the performance of this application, but there has yet to
be a solution fast enough and effective enough to gain widespread
clinical use. To achieve real time elastic registration, an
implementation must simultaneously exploit multiple types of
parallelism in the application by targeting a heterogeneous
platform whose computational components (e.g. multiprocessors,
graphics processors, field programmable gate arrays) match
these types of parallelism. Our initial experiments indicate that
an 8 node heterogeneous cluster can realize over 100x speedup
compared to a high performance uniprocessor system. By
creating a platform based on modern hardware, we believe that a
heterogeneous compute platform customized for image
registration can provide robust, scalable, cost effective sub-
minute medical image registration capabilities.

Index Terms—Image Registration, Parallelism, Medicine.

1. INTRODUCTION

dvances in medical imaging technologies have enabled
diagnoses and procedures simply not possible a decade
ago. The increasing acquisition speed and the improving
resolution of images have given doctors more information,
less invasively about their patients. However, because of the
multitude of imaging modalities (e.g. computed tomography
(CT), positron emission tomography (PET), magnetic
resonance (MRI), ultrasound (US), etc.) and the sheer volume
of data being acquired, utilizing this new data effectively has
become problematic. To tap into the potential of this raw data,
these images can be merged into one integrated view through
a procedure called image registration.
Image registration is the process of fusing two images such
that the features in one image are aligned with the features in
another. Beyond simply correcting for whole image alignment

and shifting (called rigid registration), a robust algorithm can
register three dimensional (3D) images between different
modalities (e.g. CT with PET or CT with MRI), account for
changes in morphology over time, and also adjust for internal
tissue motion (e.g. liver deformation due to breathing), called
elastic registration. Fully automatic elastic registration is
computationally intensive, requiring hours or even days to
solve typical sized problems using high-end processors. This
has fueled a significant body of research into image
registration acceleration in an effort to bring more accurate
and more robust image registration techniques into the clinical
setting. While many of these works have shown important
performance enhancing techniques, to our knowledge no work
in medical image registration has done an integrated
comparison to consider the synergistic effects of combining
them on a customized heterogeneous computational platform.
Since no single technique has accelerated the problem
sufficiently for all clinical applications, we believe true real
time image registration will require the utilization of multiple
levels of parallelism. The image registration description
should expose this parallelism in the application and be
implemented on a heterogeneous computational platform
made up of building blocks which are suited to the expressed
parallelism.  The remainder of this paper will cover
background related to image registration acceleration, present
our experiments utilizing different levels of parallelism, and
discuss what the possible performance benefits of a
heterogeneous image registration platform would be.

II. MEDICAL IMAGE REGISTRATION

Medical image registration approaches have appeared in a
variety of contexts often specialized for a particular modality
or anatomy. Despite the variation, there are commonalities
between these approaches. The objective of image registration
is to find a transformation to apply to a floating image so that
it best aligns to a reference image. First a transformation is
generated through analytical, heuristic, or manual means.
While transformations can be based on feature detection, we
focus on “area-based” methods, which rely on pixel intensity
correlation without using assumptions about the underlying
anatomy. Area-based methods tend to be more robust and
computationally intensive and consequentially are a natural fit
for pure acceleration techniques.



A transformation is often described as a deformation field,
in which all parts of the floating image space have a specific
deformation. Construction of the deformation field can start
from a just few parameters in the case of rigid registration or
from a set of "control points" which capture the non-
uniformity of elastic registration. The final transformation
contains the information necessary to deform all of the voxels
(3D pixels) in the floating image.

Once a transformation is constructed, it is applied to the
floating image. This transformed image can be compared to
the reference image using a variety of similarity metrics, such
as the sum of intensity differences or mutual information. For
iterative approaches, the similarity value is returned to the
procedure which created the transformation so that it may
guide it towards successively better solutions. Problem
parameters may strategically change while running to improve
run time and accuracy (e.g. rigid registration may be run
before elastic registration or the control point grid resolution
may change such that a coarse elastic registration occurs
before a fine grained one).

III. EXPLOITING MULTIPLE FORMS OF PARALLELISM

While image registration is a computationally intensive
problem, it can be readily accelerated by exploiting
parallelism. We chose to implement a few of the more
popular techniques for a well known gradient descent
algorithm [1] on different architectures that could be used in a
future heterogeneous platform.

For the highest level of parallelism, we used the Message
Passing Interface (MPI) [2], which is a popular standard for
explicitly parallelizing code on multiprocessor systems.
Threads have local memory that can be readily implemented
on distributed memory platforms such as clusters. Using MPI,
we distributed the gradient computation equally across nodes
in a small cluster similar to [3]. This distribution is possible
by virtue of the fact that each finite difference calculation for
each control point is independent and requires only the
neighboring voxels and control points to calculate.

To parallelize the transformation step at the voxel level, we
used a graphics processor (GPU), which is an array of
processing elements customized for pixel processing. The
increasing programmability of GPUs have opened them up for
many other applications including image registration [4].
High level languages are emerging to aid the task of
programming GPUs and in this work we utilized Brook [5].
We used Brook to describe the rigid transformation of the
floating image space into the reference image space as a
streaming operation to be applied to each voxel. As an
independent streaming operation, the task could be efficiently
distributed across the processing elements of the GPU.

For the lowest level of parallelism, we employed a
hardware description language (HDL) [6]. With HDLs the
final implementation is not destined for a processor, so
designers layout their application structurally, exposing
interfaces and cycle-by-cycle control. We utilize a field
programmable gate array (FPGA) to accelerate the voxel

processing of the elastic transformation and the similarity
calculation [7]. The independence of tasks allows for many
memory accesses, operations, and 10 to be performed in the
same clock cycle.

Since these acceleration techniques are independent of each
other and implemented on different types of platforms, a
heterogeneous computational platform that supported all of
these approaches would create a powerful new image
registration engine. Orthogonal acceleration techniques such
as the FPGA and MPI techniques we employ, can provide
multiplicative speedup effects. In the following section we
attempt to quantify what speedups can be expected.

IV. EXPERIMENT RESULTS

To support our claims on the potential synergy in combining
levels of parallelism, we have accelerated a widely used image
registration algorithm on computational building blocks likely
to make up a future heterogeneous image registration
platform: FPGAs, multiple CPUs, and GPUs. While it is
possible to extract performance numbers from previous
authors' works, we come as close a possible to simulating
realizable performance potential by incorporating each of the
acceleration techniques in the same code base.

The base algorithm was the gradient descent method
described by Reuckert et al. [1] using mutual information,
which is effective for multimodal registration. Using this
single code base, acceleration techniques were incorporated
that were wrapped by preprocessing directives. Therefore, at
compile time the software could be targeted for a specific
parallel platform: an FPGA accelerated PC, a cluster of PCs
using varying numbers of nodes, or a GPU accelerated PC.
The PC cluster and the uniprocessor results were generated on
a 3GHz Intel Xeon. The FPGA accelerator was a PCI board
(Tsunami, SBS Technologies, Albuquerque, NM) with an
Altera Stratix EP1S40 FPGA and two on-board 512 MB
SDRAMs for storing the reference and floating images, which
were accessed via a 32-bit bus. The GPU tested was the
NVIDIA Quadro FX 1400.

The implementations were tested with five pairs of
clinically gathered PET and CT images of the torso. Each of
the five cases was visibly misaligned and some had non-
overlapping regions. Each image was resampled to be
128x128x128 such that the voxels were roughly isotropic.
First a rigid registration of the two images was done followed
by elastic registration performed with a deformation field
represented by a 9x9x9 control point grid. The gradient step
size was based on linear feedback and the algorithm stopped
when no improvement could be found at a specified minimum
step size. The results of each registration were visually
inspected as well and in each case improvement was seen.



>
g8
we
2
K —FPGA
T — 8 processors
175} — 6 processors
— 4 processors
3 — 2 processors
2 — 1 processor
g
S
0 5000 10000 15000 20000 25000
Seconds

Fig. 1. Optimization traces of one case of registration.

Each platform was run with these identical set of
parameters, which produced optimization traces such as the
example shown in Fig. 1. Each line represents the execution
of a different implementation of the image registration
algorithm, and the right most line represents the base case of a
uniprocessor implementation. Points on the line represent the
similarity between the two images with the best known
transformation at that time. As expected, the speedups of the
cluster implementations were near-linear with respect to the
number of processors. The FPGA arrives at the result the
fastest, but because of a difference in the precision of the
datapath instantiated, it takes a slightly different path to the
final transformation.

The final speedups are shown in the log graph in Fig. 2. By
imagining a heterogeneous compute cluster with an
implementation that takes advantage of both of these kinds of
parallelism (see Fig. 3), we have also extrapolated the
potential speedup of combining these two approaches. Since
the two types of parallelism being exploited are on separate
levels, this is a multiplicative speedup. Note that while the
software speedup is relatively constant, the FPGA's different
path through the optimization space leads to varying degrees
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Fig. 3. An image registration implementation
on a heterogeneous computational platform.
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Fig. 2. Final speedups from acceleration techniques.

of acceleration. Each iteration step is consistently processed
faster than software, but for some cases it requires more steps
to arrive at the final solution.

We utilized a GPU for the rigid registration transformation
step, producing a 3x rigid registration speedup over a
uniprocessor only implementation. Since our GPU
implementation currently accelerates rigid registration only, its
effect on the overall elastic registration is limited, but with a
more powerful GPU and integration into elastic registration,
we believe it will be an important addition to a future
platform. While it utilizes some of the same parallelism as an
FPGA, kernels offloaded to it would make more room for
other tasks on the FPGA, thus permitting synergistic effects
between the two.

V. RELATED WORK

Utilization of parallelism is the most common form of general
application performance improvement. As there are variety of
parallel platforms offering acceleration opportunities,
researchers have identified and exploited different kinds of
parallelism in existing algorithms. We discuss some of these
approaches by using our own categorization of parallelism
specifically designed for image registration.

Optimization level parallelism represents those parts of an
algorithm that can run in parallel given the basic unit is an
iteration of the image registration routine such as gradient
decent invocations from different starting points [3] or with a
distributed genetic algorithm [8]. Volume level parallelism is
a generalization of optimization level parallelism where the
computational units operate on entire volumes like computing
a multidimensional gradient on whole image volumes [3]. In
medical image registration subvolume level parallelism is
perhaps the most popular kind of parallelism to exploit, where
an application is parallelized by dividing the volume level
work into smaller subvolumes that are later recombined to
produce the final solution. [3, 9-16]. Voxel level parallelism
describes parallelism in terms of single voxels, which is a
good match to GPUs [4] and with threads using a workpile
[17]



Operational level parallelism is the lowest, most general
form of parallelism. Beyond taking advantage of instruction
level parallelism transparently on a modern processor,
operation level parallelism is the most difficult to utilize.
Only hardware platforms are suitable to effectively exploit this
level of parallelism [7, 18, 19]. But if an application designer
has the expertise to utilize it, significant performance gains
can be realized. Each of these works has the potential to be
combined for additive or multiplicative performance benefits
on a heterogeneous platform.

VI. CONCLUSION AND FUTURE WORK

To achieve our ultimate goal of real time robust accurate
image registration with medical images that keep increasing in
resolution, we will need more than Moore's Law. Combining
optimization techniques and developing new heterogeneous
platforms can provide the technology that is capable of this
clinical breakthrough. In this work we have shown the
potential of combining approaches that exploit different kinds
of parallelism in medical image registration. Our experiments
indicated that using just an 8 node heterogeneous platform
could produce up to a 190x speedup over a high performance,
general purpose uniprocessor. Such unprecedented speedups
for this size cluster mean that clinicians might have robust
elastic registration that normally takes 7 hours to only require
a couple minutes.

These projected speedups could be thought to be too
optimistic as an actual implementation utilizing them both will
incur some additional overhead and might have system
bottlenecks not captured here. Conversely, these numbers
may be conservative as the technology used is a generation
behind the baseline uniprocessor it is compared to.
Furthermore, the MPI and GPU acceleration techniques
themselves were relatively simple. While in line with
previously published speedup factors, new innovative
techniques tailored to the platform could improve upon those
factors. We plan to construct a prototype heterogeneous
platform to further examine these issues.

As more complex acceleration techniques are combined, a
more rigorous system of capturing the parallelism of the
application will be needed. Such a framework would give
programmers a more natural way of expressing each type of
parallelism without having to dive into the idiosyncrasies of
GPU languages or HDLs, for example. Moreover, designers
should be able to weigh their decisions on parallelism in a
flexible way, allowing kernels to migrate or to be distributed
on different parts of the platform. This effort will require a
robust and flexible language capable of capturing and
reasoning about parallelism at many levels.
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