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ABSTRACT

Modern 3D visualization environments for medical image daa provide high interactivity and exibility but
depend on the expert knowledge and the experience of the usevith respect to the software application. The
de nition of the visualization parameters is a manual time-consuming process and as a result, inter-patient
or inter-study comparisons are extremely di cult. To overc ome these drawbacks in case of the analysis and
diagnosis of pathologies, standardization of 3D visualizton is an important issue. For this purpose automatically
generated digital video sequences can be used to convey theost important information contained in the data.
In this paper, we present an improvement of our existing wehbbased service which is now able to calculate the
video sequences in much shorter time exploiting the power o GPU-cluster. The system requires to transfer a
medical volume dataset from an arbitrary computer connectel via Internet and sends back a number of video
les automatically generated with direct volume rendering. To achieve an optimal load balancing of the available
resources, the tasks of automatic adjustment of transfer factions, volume rendering, and video encoding are
divided into small sub-requests, which are distributed to the di erent cluster nodes in order to be performed in
parallel. An additional preview mode, which renders a nhumbe of dedicated frames, provides a direct feedback
and quick overview. For the evaluation, we were focusing ontte analysis of intracranial aneurysms and were
able to show that the system can be successfully applied. Ftiner on, the system was developed in a way that
allows easy integration of other analysis tasks.
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1. INTRODUCTION

Analyzing medical data is a time consuming and user dependérmprocess. Medical post-processing applications
support the physician using di erent visualization techni ques like maximum intensity projection, shaded sur-
face display and direct volume rendering, providing compréensive insights into complex spatial relationship.
Nevertheless, the visualization results are mostly non-reroducible due to user dependent manipulation of the
data. Clinical studies, expert exchange, and daily clinicé routine require a standardization process in case of
medical diagnosing and analysis. In clinical work ows stardardized procedures are applied in di erent elds: For
example, radiology departments are using so-called scan ptocols which de ne and guide the image acquisition.
Surgeons utilize structured protocols to de ne all tasks ofan operation and the time e ort for each task.!:?
Using standardized protocols also in case of image analys@nd diagnosis is an approach desired by physicians
to reduce the complexity and to achieve comparable results.

In a previous publication, we presented a web servicé,which was designed for the standardized analysis
of intracranial aneurysms. The standardized process perfins all tasks of segmentation, visualization, and
documentation of the data for the analysis. The documentaton is obtained by automatically generated video
sequences of the medical data set. A clinical studyhas shown the relevance and the applicability of the web
service in clinical routine. Comparisons between manual aalysis and the presented approach demonstrated the
reliability of the system.
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A bottleneck of this service, which runs on a SGI Onyx, is the tme consuming process of video generation
and the fact that the entire analysis of the data consists of sveral independent videos. In order to overcome
these limitations an approach is presented which is based oparallel generation of the videos using a PC-cluster,
where each of the cluster nodes is equipped with a modern grajcs card (GPU). Thereby, the web service
becomes signi cantly faster and therefore more suitable fo clinical routine. In addition to the speedup of the
video generation, we integrated a preview functionality, which provides a direct feedback and a quick overview.
Furthermore, we developed a standardized description sctme for the videos, which makes the service ready for
di erent medical analysis tasks. In contrast to Muehler et. al,> where the authors present a scripting language
for animations, the following paper is focused on the fast geeration of the video sequences and preview images.

2. SYSTEM ARCHITECTURE AND WORKFLOW

The video web service system consists of two major componen{see Figure 1). On the one hand, there is a web
server which provides the web interface and manages the useata. It is based on a Tomcaf HTTP server, an
open source project of the Apache Software Foundation, thaprovides a runtime environment for java servlets
and java server pages (JSP). This o ers an easy way for the imgmentation of dynamic HTML pages and the
processing of user requests.
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Figure 1. Architecture of the web service composed of a web server and aGPU-Cluster, which builds the render server

The other component is the render server, a GPU-cluster, wtih performs the rendering and video encoding.
This cluster consist of eight standard PCs (4 GB RAM, 2 x AMD Opteron, 2.2 GHz), each containing a NVIDIA
GForce 6800 Ultra graphics card with 256 MB RAM. The cluster nodes are connected with a fast In niband
network. The inter cluster communication is established wth the Message Passing Interface (MPI)! a special
API for parallel processes. The web server and the cluster eomunicate via a TCP/IP connection with a
standardized protocol for di erent analysis requests.

A typical work ow of standardized medical analysis performed with our web service is shown in Figure 2.
In the beginning a connection to the web server is establishievia the dynamic web interface. Then, a medical
volume dataset with DICOM format is uploaded, some additional rendering parameters are provided and the
generation of one or several standardized video sequencesdemanded. The web server processes this demand
and sends for each video a request to the render server via thECP/IP connection. At the render server a
dedicated cluster node (manager node) takes this request,iddes it into several jobs, and distributes them to
the other cluster nodes (render nodes). The render nodes esate the jobs in parallel and notify the master node
when they have nished. After all jobs have terminated, the render server informs the web server, which then
provides the videos to the user via the web interface.

3. DISTRIBUTED VIDEO GENERATION

Among the quality of visualization, the overall processingtime of the analysis process is one of the most important
criteria for the applicability of the video web service in clinical practice, since a short response time provides a



user interface

[

S /|

parameters
e

—»
upload

download

JSP/servlet

request

p
7

WEB SERVER

response

™

» manager render
node node

~

render
node

render
node

USER-CLIENT

-

RENDER SERVER /

Figure 2. The work ow of video generation: A user requests the video generation via a web intreface. The web server
takes this request and sends it ot the render server. There the request is distributed und performed in parallel. After
nishing the resulting videos are provided for download.

fast feedback and permits direct interaction. However, thecomputation time for rendering and video encoding is
restricted to the capabilities of the underlying hardware. The only way to speed up the video generation process
on a single machine is to downgrade the quality of the resultig visualization, which is not desired in medical
analysis.

An alternative for the acceleration of rendering without loss of quality is the parallelization of the video
generation on a cluster computer. Since, depending on the ndécal problem, several videos of the same data set
are needed, an obvious distribution approach is to generateach video on a separate cluster node. Additionally,
it is possible to split up a a single video into a number of pars, render them in parallel, and merge the results.
In the following sections the processing steps of distribugd video generation from the initial analysis request to
the nal videos is described in detail.

3.1. Standardized Analysis Requests

One of the major implementation demands was the applicabily to di erent medical analysis tasks. Furthermore,

it should easily be possible to integrate new functionality To achieve these goals, the web server communicates
with the render server via standardized requests, that conain all parameters needed for the control of the analysis
result. The data (e.g. the examined volume data set) is exchaged along the shared le system of the web server
and the render server.

Currently, the system supports two types of requests, one fothe creation of a whole video and the other for
the rendering of a sequence of preview images. The requireamameters for the video request are the volume le
name, the path for camera animation and a transfer function,either explicitly given or by a reference function that
is automatically adapted to the actual volume. To visualize only a sub-volume, there are additional parameters
to de ne its center and extent. Furthermore, an optional clip plane can be set. Finally the quality of the output
video is controlled by the number of frames per second and th&ideo codec that should be used. A request for
the creation of preview images is equally structured, apartfrom the video parameters. These are replaced by
the frames which should be rendered and the target format oftie image les.

3.2. Handling a Request

The render server is realized as an MPI program. This means tht it acts like a single program consisting
of several processes that run on di erent cluster nodes. Theadvantage of MPI is that it works with arbitrary
hardware. Thus, an MPI program could either run on a cluster, a parallel computer or even on a single PC. If the
program is started a prede ned number of similar MPI proces®s are generated and automatically distributed to
the available hardware. Since each process is executing tlsame program, a single MPI process has to distinguish
its speci ¢ role by its unique rank. Usually, the process with rank 0 is acting as the so-called master, which
distributes the tasks to the other processes (the slaves) ahmerges the results. Figure 3 shows how the work



is divided on the render server. The handling and distribution of render request is carried out by the manager
process (master), whilst the render processes (slaves) germ the actual rendering and video encoding.
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Figure 3. The render server consisting of a single manager process andeveral render processes, which actually perform
the video generation.
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The manager process is composed of three major modules: tleCP server, the job managerand the job
dispatcher. The TCP server module realizes functionality for external communication. It binds to a specied
port and is waiting for incoming connections from di erent clients. Currently, the web server is the only client
that is using the render server, but theoretically any other program (e.g. a stand alone client) could utilize its
services, presumed that it has access to the render serverle system. Moreover, several web interfaces, adapted
to a speci c eld of medical analysis, could be provided, apgying the same rendering backend.

If the TCP server has established a connection and has recedd a request, it passes this request to the job
manager. That takes the request, generates a number of jobsyhich are required for the execution, and stores
them in a queue. Finally the job dispatcher distributes thes jobs with MPI to the render processes. For this
purpose, it permanently monitors the states of the render pocesses and sends a job to the next one available.
This technique guarantees the optimal exploitation of the hardware and permits accepting of multiple requests
at the same time, because they are stored until a cluster nodes available.

Normally, the jobs are processed in the order they are queuednd, if possible, executed in parallel. However,
there are cases where a previous job has to be nished before successor can be deployed. For example the
transfer function has to be generated prior to any video seqgence or preview image. For this purpose, it is
possible to de ne dependencies on preceding jobs, and a daptent job is put on hold until all predecessors are
completed. Furthermore, each job can be given a processingiprity to achieve its privileged treatment. This is
for example used to ensure that a preview image is served asstaas possible, even if the job queue is crowded
with long lasting video generation requests.

3.3. Segmentation, Rendering and Video Encoding

After the generation and distribution of several jobs for a sngle analysis request, they have to be executed by
the render processes, which consist of two modules (see geir3 on the right). On the one hand, there is the
communicator, that corresponds to the job dispatcher at the manager process. It takes an assigned job via
MPI, does some preparations and delegates it to the other made, the application object, which has to provide
functionality for all tasks, that are needed for automated rendering and video encoding. In Figure 4, which
shows the basic video generation pipeline, these tasks ar#iustrated. At the beginning, the medical volume
dataset is loaded to main memory, and, if requested, a sub-yome is built. In the next step, the optimized
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Figure 4. The video generation pipeline from input volume to output vi deo le. The enlighted parts are optional and
are only performed, if required.

transfer function is generated and then, the frames along tk given camera path are rendered, directly encoded,
and stored in the video output le.

The implementation of the application object is based on a gaeric framework for medical volume visualiza-
tion, that was originally built for an application for the vi sualization of functional brain images® This framework
provides a exible GPU-based volume renderer, where sevet&PU shader programs for di erent rendering styles
can be applied. For the visualization web service standard wect volume rendering (DVR) with pre-integration °
for improved results is used. Certain structures can be segented and emphasized with a transfer function,
which maps the volume's scalar values to color and opacity. Tis implicit segmentation is automated with an
approach'® already used in the original web service. The basic idea isptde ne an optimal transfer function for
a reference data set only once and to automatically adaptedtito each new volume. Therefor, the histograms
of the two volumes are analyzed and registered with each othiein order to obtain a transformation that allows
mapping the pre-de ned transfer function respectively.

The encoding of the videos is performed on the vy, just after asingle frame is rendered. This prevents the
time consuming process from saving the uncompressed framtzsthe le system. For encoding the freely available
FFmpeg-library!? is used, which contains a great variety of video codecs and gports a large number of output
formats for pictures and video les.

Concerning the parallelization of the video generation, the pipeline shown in gure 4 is not entirely processed
but divided into several sub-tasks. There are three types ofasks: those that have to be performed once on each
involved cluster node, those that are performed only once om single node and those that are parallelized and
distributed to several nodes. While tasks of the rst type can be categorized as preparation tasks, managed by
each cluster node on its own, the tasks of the second and thirtlype can be handled directly by the manager
process (see section 3.2) and distributed as jobs to the reed nodes.

The loading of a volume and the optional generation of a sub-wlume are tasks of the rst type, because they
have to be processed exactly once on each cluster node, evéthiere are repeated jobs for the same volume. An
example for the second type is the transfer function generabn, which is expensive and can not be parallelized.
Since the resulting table can be stored to the le system and sed by other nodes, it has to be performed only
once. In contrast to that, the process of rendering and encadg, which belongs to the third type, can be divided
into several jobs for generating video parts of arbitrary frame numbers. This can be exploited in order to avoid
unnecessary idle times of the cluster nodes. However, it ha® be mentioned that the video parts have to be
nally merged, which is a potentially time consuming task. Currently, the subdivision of the video requests is
only supported for videos of mpeg output format, because thee the video parts can be merged by a simple le
concatenation.

4. APPLICATION AND RESULTS

We applied our service for distributed video generation to he analysis of intracranial aneurysms, the task which
our original approach was already designed for The standaiided process performs all tasks of segmentation,
visualization and documentation. The user is only respondile for uploading a DICOM volume dataset. Since
aneurysms are often found at the tip of the basilar artery, the left and right cerebral artery and at the commu-
nicating artery, the volume is split into up to four sub-volu mes, to restrict the visualizations to regions around



critical bifurcations. To de ne these critical regions the position and extent of each sub-volume is assigned
relative to a speci ¢ anatomical landmark, the so-called clvus, which has to be provided by the user.

Via the web interface of the service (see gure 5) the generabn of up to ve videos can be requested, one
overview video of the whole volume with an additional diagoral clip plane and four videos of the sub-volumes.
After uploading a dataset the system starts the segmentatio, rendering and video encoding process described
in section 3.3. The automatically adapted transfer function represents the blood vessels as a semi-transparent
object with prede ned colors to allow a view to objects behind the vessels and to distinguish the boundaries of
the vessels themselves. To provide direct visual feedbaclgn additional preview functionality was integrated,
where dedicated frames of the di erent videos are pre-rended and presented via the web browser. In addition
to the advantage of less rendering time, the download of sirlg images instead of a whole video le is much less
time consuming. Our tests have shown, that the process of preendering takes about three seconds. Since this
is near real time, the preview could also be used for direct it@raction and manipulation of the visualization.
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Figure 5. The web interface with a preview image of the overview video including a diagonal clip plane

As stated above the utilized GPU-cluster consist of eight nales, where one node is serving as manager and
seven nodes are actively processing rendering jobs. In ond® nd the best approach for exploiting the available
rendering hardware several parallelization con gurations are tested. The tests were carried out with a volume
dataset that has an original resolution of 512 512 246 voxels and a sub-volume size of 256 256 199
voxels. Each generated video consists of 600 frames and arina resolution of 640 480 pixels. The videos are
encoded inmpegformat. The applied camera path begins with rotations around the coordinate axis and nally
zooms in. Figures 7 and 8 are showing some example frames ofthesulting video sequences.

Time measurements are taken for three di erent application scenarios: single generation of the overview
video, single generation of a sub-volume video and generam of all ve videos in parallel. For each of these
scenarios ve di erent subdivision strategies from 600 frames per video part (no subdivision) to 50 frames per
video part (twelve parts per video) have been tested. The redlts are shown in gure 6.

For the simplest distribution approach, each video is rendeed as a whole (600 frames) on a separate render
node. In this case, the generation of the overview video tal€94 seconds, the generation of the sub-volume video
takes 52 seconds. The total generation time for the set of vevideos is also 94 seconds, which is equivalent to
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Figure 6. Video generation times for di erent subdivision strategie s from 600 frames per video part to 50 frames per
video part. For each case the three bars show the rendering times for the overview video (left), a sub-volume video
(middle), and ve videos (1 overview and 4 sub-volumes) together (right).

the generation time for the most time consuming overview job Since there are seven render nodes and only
ve render jobs, the cluster is not exploited optimally. If t he videos are split into parts of 300 frames, there are
ten rendering jobs for the ve videos, so some of the cluster ades have to perform two jobs. Due to the better
utilization of the hardware the total video generation time goes down to 57 seconds. When the videos are further
subdivided there is no further improvement. The rendering imes are even getting worse because of the increasing
overhead for the distribution and merging of the videos. In @ntrast to that, the performance for the rendering
of a single video is improving down to the splitting of the videos into parts of 100 frames. The reason is, that six
jobs are built, which can be performed completely in parallé on the available render nodes. A further split into
parts of 50 frames (twelve jobs) brings no advantage. Additonally, it can be noticed, that the generation time
for the videos is not decreasing linearly with respect to thenumber of involved cluster nodes. This is once again
due to the overhead of communication. As a result it can be stied, that the hardware is optimally exploited, if
the number of distributed jobs is nearby the number of availeble cluster nodes. However, if the execution time
of the rendering jobs di er noticeable, like for the overview video and the sub-volume videos, a subdivision to
smaller parts would guarantee a better balanced exploitatbn of the cluster nodes, whereas the extra e ort for
distribution management and the assembling of the nal videos has also to be taken into account.

Finally, we compared the performance of the video web serviewith our previous implementation on a single
SGI Onyx. There the rendering and video generation time for asimilar overview video was about 610 seconds.
The same request takes now, with an optimal subdivision of 10 frames per video part, only 23 second, which is
a remarkable speed-up of approximately 30 times. For the gegration of the set of ve videos the improvement
is even better.

5. CONCLUSION AND FUTURE WORK

An improved version of a web service for the automatic genefi#on of volume rendered medical video sequences
for the standardized medical analysis has been presentedn kontrast to our former approach, which was running
on a single SGI Onyx, the video generation is carried out in peallel on a modern GPU-cluster. Our results have



shown that this leads to a signi cant decrease of the overalprocessing time. Furthermore, the integrated preview
mode provides a direct visual feedback. Since the analysisan be performed on any Internet-PC without special
hardware requirements the suggested service is perfectiyuied for clinical application. A generic design of the
service assures that it is not restricted to a certain medichtask and easily adaptable to new requirements.

In the future further functionality for enhanced segmentation and registration, for example for the fully
automatic localization of the clivus will be integrated. Furthermore, other application areas will be examined.

Figure 7. Three example frames of the overview video (start, rotation , zoom) with a clip plane (yellow).

Figure 8. Three example frames of an sub-volume video (start, rotatio n, zoom) with an aneurysms visible in the middle
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