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e.uva.nlAbstra
t. In the resear
h area of image and video pro
essing, the Horuslibrary [5℄ has be
ome a valuable system for software driven rapid proto-typing, and an essential vehi
le for knowledge transfer at the level of uni-versities and expertise 
enters. Due to its stri
tly sequential implementa-tion, however, Horus 
an not always satisfy all demands for high perfor-man
e. As 
omputational requirements for the pro
essing of large imagesets and video streams 
ontinue to in
rease, it is essential to provide aHorus implementation that applies to high performan
e 
omputers.As resear
hers in image and video pro
essing 
an not be expe
ted to alsobe
ome experts in parallel 
omputing, the Parallel-Horus proje
t aims toshield Horus users from all intrinsi
 
omplexities of parallelization. Thispaper presents an overview of the Parallel-Horus proje
t; it dis
usses theproje
t's goals, as well as 
urrent and future resear
h dire
tions. Also, theeÆ
ien
y of the 
urrent Parallel-Horus implementation is demonstratedby evaluating a stri
tly sequential state-of-the-art imaging appli
ation.1 Introdu
tionThe 
omplexity and s
ale of s
ienti�
 problems in many di�erent resear
h areashas been a driving for
e for the development of ever faster 
omputer ar
hite
-tures. To e�e
tively exploit the available pro
essing power of su
h systems, it isessential to have a thorough understanding of their ar
hite
tural 
omplexity. De-spite this requirement, large numbers of non-expert users are still tempted by thepotential pro
essing speeds| generally to emerge with nothing but a disappoint-ing result. In [3℄ this problem is stated somewhat more dramati
ally as follows:Ane
dotal reports abound about resear
hers with s
ienti�
 and engineer-ing problems who have tried to make use of parallel pro
essing systems,and who have been almost fatally frustrated in the attempt.Clearly, there is a major dis
repan
y between the desire to easily obtain in
reasedperforman
e, and the potential of high performan
e systems to satisfy this desire.The spe
i�
 resear
h area of image and video pro
essing | whi
h is the�eld of fo
us of this paper | also demonstrates a persistent desire to a

ess the



speed potential of high performan
e 
omputers. The desire partially stems fromthe fa
t that it has been re
ognized for years that the appli
ation of parallelismin imaging 
an be highly bene�
ial [21℄. Yet, in image pro
essing resear
h thedis
repan
y between desire and reality is no less severe.We as
ribe this problem primarily to the fa
t that no programming tool isavailable that 
an e�e
tively help non-expert parallel programmers in the de-velopment of eÆ
ient high performan
e imaging appli
ations. Existing program-ming tools generally require the user to identify the available parallelism at alevel of detail that is beyond the skills of non-expert parallel programmers [11,14, 16℄. Thus, the key to fast algorithm design and evaluation on large data sets,as well as to rapid high performan
e image and video appli
ation development,lies in the availability of a familiar programming tool that shields the imagepro
essing resear
her from all intrinsi
 diÆ
ulties of parallel implementation.Our work (referred to as the Parallel-Horus proje
t, see also [13{16℄) is anattempt to e�e
tively bridge the gap between the expertise of the image pro
ess-ing 
ommunity, and the additional expertise required for eÆ
ient employment ofhigh performan
e 
omputers. More spe
i�
ally, the proje
t aims at designing andimplementing a software ar
hite
ture that allows non-expert parallel program-mers to develop image and video pro
essing appli
ations for eÆ
ient exe
utionon Beowulf-type 
ommodity 
lusters [19℄. Hen
e, the Parallel-Horus proje
t ad-dresses the following fundamental resear
h issue: how to design a sustainable,yet eÆ
ient software ar
hite
ture for data and task parallel image and video pro-
essing, that provides the user with a fully sequential programming model, andhides all parallelization and optimization issues from the user 
ompletely.This paper presents an overview of the Parallel-Horus proje
t. Apart from pre-senting the proje
t's aims, it dis
usses dire
tions for 
urrent and future resear
h.In addition, the eÆ
ien
y of the 
urrent Parallel-Horus implementation is demon-strated by evaluating a stri
tly sequential state-of-the-art imaging appli
ation.2 Parallel-Horus: Design for Sustainability and EÆ
ien
yIn the literature, a trend in the design of parallelization aids for high performan
eimage and video pro
essing is to provide a software library 
onsisting of a set ofpre-parallelized routines, and hide as mu
h as possible the 
omplexities of paral-lelization behind the library's API. Due to the relative ease of implementation,a multitude of su
h libraries exists [3, 4, 6{8, 18, 20℄. An important design goalin mu
h of this resear
h is to provide operations that have optimal eÆ
ien
yon a range of parallel ma
hines. In general, this is a
hieved by hard-
oding anumber of di�erent parallel implementations for ea
h operation, one for ea
hplatform. Unfortunately, the 
reation of a parallel library in this manner hasseveral major drawba
ks. First, manually 
reating multiple parallel versions ofthe many operations 
ommonly applied in image pro
essing resear
h is a labori-ous task. Se
ond, obeying to requests for library extensions be
omes even moretroublesome than in the sequential 
ase. Third, as new target platforms are madeavailable at regular intervals, 
ode maintenan
e be
omes hard | if not impos-



sible | on the long term. Finally, with ea
h library expansion it be
omes evermore diÆ
ult to in
orporate a single elegant performan
e optimization strategyfor full appli
ations. For these reasons we take a di�erent approa
h.In the development of the Parallel-Horus ar
hite
ture we strive to enhan
esustainability by minimizing the implementation e�ort, without 
ompromisingon the eÆ
ien
y of exe
ution. For one, this is a
hieved by re
ognizing that thereis a limited number of ways in whi
h the pixels in images and video streams
an be pro
essed to produ
e meaningful results. Important in this respe
t is the
lassi�
ation of imaging operations made in Image Algebra [12℄. Originating fromthis 
lassi�
ation, a sequential image and video pro
essing library is 
urrentlybeing implemented at the University of Amsterdam: Horus [5℄. The Horus libraryis highly innovative in its design and implementation, most signi�
antly be
ausethe library's 
ore 
omprises of a very small set of so-
alled algorithmi
 patterns .The primary importan
e of these patterns is that ea
h serves as a templateoperation for a large set of image operations with similar behavior, whi
h greatlyredu
es the implementation e�ort. Also, the algorithmi
 patterns abstra
t fromthe a
tual datatype ea
h operation is applied upon, to avoid a 
ombinatorialexplosion of 
ode that deals with all possible kinds of image datatypes.The next important step is to re
ognize that, for parallel implementation ofea
h algorithmi
 pattern, mu
h of the related sequential 
ode 
an be reused. Tothat end, for ea
h sequential algorithmi
 Horus pattern we have de�ned a so-
alled parallelizable pattern [16℄. Su
h pattern 
onstitutes the maximum amountof 
ode of an algorithmi
 pattern that 
an be performed both sequentially and inparallel | in the latter 
ase without having to 
ommuni
ate to obtain non-lo
aldata. Also, further redu
tion of the software engineering e�ort is a
hieved byimplementing the parallelizable patterns su
h that they are 
apable of adaptingto the performan
e 
hara
teristi
s of the parallel ma
hine at hand [13, 16℄.The �nal step in rea
hing our goal is to re
ognize that for high performan
e offull appli
ations it is not suÆ
ient to 
onsider parallelization of library operationsin isolation. As shown in [15℄, it is possible to extend any library implementedon the basis of parallelizable patterns with a very eÆ
ient �nite state ma
hinebased run-time system for 
ommuni
ation minimization of appli
ations runningin data parallel fashion. Moreover, the run-time system that was integrated inthe Horus library a

ording to this approa
h proved to deliver 
lose-to-optimalparallel performan
e for many stri
tly sequential imaging appli
ations [14℄.3 Parallel-Horus: Large-s
ale Image & Video Pro
essingIn the early days of image pro
essing resear
h, algorithms and appli
ations hadmodest 
omputational requirements. In general not more than a few small-sizedlow-dimensional images needed to be pro
essed. In 
ontrast, today's resear
h inimage and video pro
essing is often 
onfronted with large 
olle
tions of large-sized and high-dimensional images, and hours of high resolution video. In ad-dition, thorough evaluation (thus: 
al
ulation) of large algorithmi
 parameterspa
es on image data sets is now 
ommonpla
e.



Partially, this shift in 
omputational requirements is driven by advan
es inte
hniques for high resolution image a
quisition, e.g. in biomedi
al imaging [23℄and light mi
ros
opy [10℄. Also, appli
ations requiring intera
tive a

ess to largeimage 
olle
tions are be
oming ever more abundant [17, 22℄. Finally, in the pre-sentation of results obtained from imaging experiments there is a trend to in
or-porate evaluations on larger data sets. This is due to the fa
t that many imagingalgorithms perform well on a limited set of (arti�
ial) images, but are mu
h lessappli
able to other (often real-world) images. Thus, to investigate the limitationsand potential of algorithms, large-s
ale evaluations are essential. To this end,the main fo
us of the Parallel-Horus proje
t is on high performan
e pro
essingof large image data sets, video streams, and large algorithmi
 parameter spa
es.On the one hand, support for this type of pro
essing is delivered in theform of pre-parallelized library operations, whi
h are integrated in the existingsequential Horus library (
omponent 
1 in Figure 1). Also, the run-time systemfor 
ommuni
ation minimization (as referred to above) is integrated in the Horuslibrary and to be expanded to 
over all fun
tionality for the pro
essing of largeparameter spa
es, data sets, and video streams (
omponent 
2 in Figure 1).On the other hand, the usage of a single library operation to initiate the pro-
essing on a set of images, or a 
omplete parameter spa
e, may not �t the imagepro
essing resear
her's programming and spe
i�
ation preferen
es. Instead, it isexpe
ted that many developers of imaging appli
ations will keep to the morefamiliar spe
i�
ation of a 
hain of events by way of loop 
onstru
ts providedby the host programming language (i.e. C or C++) [11℄. Su
h 
onstru
ts oftenin
orporate inherent potential for (independent) parallel pro
essing of ea
h loop
strictly sequential source code
containing calls to Horus library
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iteration. As this type of parallelism 
an not be in
luded in the image libraryitself, initial solutions are to be in
orporated in the form of ma
ros or 
ompilerdire
tives for parallelization, similar to those des
ribed by Oliveira et. al. [9℄.However, as the imaging resear
her should not personally have to in
lude su
hparallelization hints in a sequential appli
ation, at a later stage in the proje
t
ode adaptations are to be generated automati
ally by means of a pre-
ompiler(see 
omponent 
3 in Figure 1). The pre-
ompiler is to analyze the stri
tly se-quential image pro
essing 
ode, and insert task parallelization ma
ros whereverneeded, to alleviate the programmer from personally having to perform this task.4 Parallel-Horus: Towards Mixed Data/Task ParallelismParallel-Horus extends our earlier resear
h, whi
h was aimed at the design ofa software ar
hite
ture for user transparent data parallel pro
essing of single(or just a few) images on Beowulf 
lusters. A major aim of the Parallel-Horusproje
t is to integrate task parallelism within the same software ar
hite
ture tofa
ilitate high performan
e pro
essing of a mu
h larger 
lass of appli
ations .Our earlier restri
tion to data parallelism was sensible for many reasons.First, the appli
ation of data parallelism is a natural approa
h for image pro-
essing, as many operations require the same fun
tion to be applied to ea
hindividual element of an image data stru
ture. Se
ond, in appli
ations that needto pro
ess just few images, the number of independent tasks is generally small,espe
ially when 
ompared to the fairly abundant number of elements present inthe image stru
tures to be pro
essed. Another important reason is that load bal-an
ing is generally mu
h more diÆ
ult in the task parallel model. The de
isivefa
tor for not having integrated task parallelism in our work so far, however, wasthe expe
ted diÆ
ulty of 
ombining the two programming paradigms in a fullyuser transparent parallel environment.The situation has 
hanged, however. Be
ause our previous work has shownthat it is possible to design a fully user transparent ar
hite
ture for data parallelimage pro
essing with relative ease [13{16℄, the task of integrating the two par-allel paradigms into a single framework suddenly be
omes feasible. The reasonfor this is as follows. In the 
urrent Parallel-Horus system any part of a stri
tlysequential program runs in data parallel mode, whenever the available numberof pro
essors is known. In other words: for any sequential program implementedusing our ar
hite
ture, data parallelism 
omes for free. In its simplest form,
ombined data and task parallelism 
an now be a
hieved easily by designatinga 
ertain number of nodes to ea
h loop iteration (i.e. data parallelism), and letthese iterations run 
on
urrently (i.e. task parallelism). Preliminary work in thisdire
tion shows that very simple ma
ro de�nitions are suÆ
ient to let indepen-dent loop iterations indeed be exe
uted independently, and even provide partialload balan
ing without extensive 
ode analysis. Although the resulting mixtureof data and task parallelism is (as of yet) restri
ted, the ease with whi
h theseresults are obtained is remarkable. Therefore we strongly believe that further in-vestigations in this dire
tion are not only important, but also will be rewarding.



5 An Example Appli
ationTo evaluate the 
urrent Parallel-Horus implementation, this se
tion des
ribes the(data) parallel exe
ution of an example imaging appli
ation: i.e. the extra
tionof re
tangular size distributions from do
ument images. Prototypi
al 
ode of theParallel-Horus ar
hite
ture, as wel as for this and many other example appli
a-tions, is available at http://www.s
ien
e.uva.nl/~fjseins/ParHorusCode/.Measurements were performed on the 72-node Distributed ASCI Super
om-puter 2 lo
ated at the Vrije Universiteit in Amsterdam [2℄. All nodes 
onsist oftwo 1-Ghz Pentium-III CPUs, with 2 GByte of RAM, and are 
onne
ted by aMyrinet-2000 network; ea
h node ran the RedHat Linux 7.2 operating system.Our software ar
hite
ture was 
ompiled using g

 2.96 and linked with MPICH-GM, whi
h uses Myri
om's GM as its message passing layer on Myrinet.Re
tangular Size DistributionsAs dis
ussed in [1℄, re
tangular size distributions are an e�e
tive way to 
har-a
terize visual similarities between do
ument images. A parti
ularly eÆ
ientsequential implementation for this problem, using re
ursive �lters, is presentedin Listing 1. It should be noted that su
h re
ursive �lter operations make for asequential implementation whi
h is notoriously hard to parallelize eÆ
iently.Due to the Parallel-Horus ar
hite
ture, the sequential 
ode of Listing 1 di-re
tly 
onstitutes a parallel program as well. Measurement results for the gener-
al
ulateRe
tangularSizeDistribution(IMAGE inIm, INT w, INT h) fvertIm = verDist(inIm, 0);area = redu
eOp(inIm, "sum");FOR (y=0; y�h; y++) DOoy = (y/2h)*(inIm.height+1);vThreshIm = horDist(binPixOpC(vertIm, oy, "grtrthan"), 0);�ltered = -1;FOR (x=0; x�w; x++) DOIF (�ltered != 1.0) THENox = (x/2w)*(inIm.width+1);hThreshIm = binPixOpC(vThreshIm, ox, "lessequal");hThreshIm = binPixOpC(verDist(hThreshIm, MAXVAL), oy, "grtrthan");hThreshIm = binPixOpC(horDist(hThreshIm, MAXVAL), ox, "lessequal");�ltered = (area - redu
eOp(hThreshIm, "sum")) / area;FI... and save '�ltered' for 
urrent x,y 
ombination ...ODODgListing 1: Pseudo 
ode for fast 
al
ulation of re
tangular size distributions; maximumsize of 
al
ulated �lters denoted by 'w' and 'h'. Fun
tions 'horDist' and 'verDist' per-form horizontal and verti
al distan
e transforms, using re
ursive �lter-pairs [1℄.
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(b)Fig. 2. (a) Performan
e and (b) speedup for 
omputing re
tangular size distributions fordo
ument image of size 2325�3075 (2-byte) pixels. Maximum size of 
al
ulated �lterseither 39�59 or 79�119. Speedup lines for either measurement essentially 
oin
ide.ated parallel version of the presented program are given in Figure 2. The resultsshow that, for realisti
 images of size 2325�3075 pixels, our ar
hite
ture pro-vides very good speedup 
hara
teristi
s: 45.5 on 64 pro
essors | an eÆ
ien
y of71.2%. Therefore, we 
on
lude that the Parallel-Horus ar
hite
ture provides highparallel eÆ
ien
y for the presented image pro
essing problem. Remember, forthe appli
ation programmer these results 
ome without any parallelization e�ortwhatsoever. More results for other imaging appli
ations are found in [14, 16℄6 Con
lusionsThe Parallel-Horus proje
t aims at the development of an e�e
tive programmingtool that provides sustainable support in the implementation of data and taskparallel image and video pro
essing software by non-experts in high performan
e
omputing. With the implementation of the 
urrent Parallel-Horus ar
hite
ture,whi
h supports fully user transparent data parallel exe
ution, we have largelysu

eeded in that mission. However, stri
tly data parallel exe
ution does notalways deliver suÆ
iently high performan
e. Also, due to the need for inde-pendent pro
essing of large amounts of data, many state-of-the-art multimediaappli
ations have a mu
h higher degree of inherent task parallelism than before.Therefore, we are 
urrently working on extensions that allow for integration ofeÆ
ient task parallelism within the same Parallel-Horus framework. Solutionsare to be provided in the form of library operations for the pro
essing of largedata sets, as well as through a pre-
ompiler that is to make straightforward taskparallel adaptations to stri
tly sequential image pro
essing sour
e 
odes. In theend, the availability of a 
ombined data and task parallel environment for usertransparent high performan
e image and video pro
essing will 
ertainly have astimulating e�e
t on the investigation of the many 
omputationally demandingproblems the image pro
essing 
ommunity is so often 
onfronted with.
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