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Abstract� Performance evaluation studies are to be an integral part of
the design and tuning of parallel applications� We propose a hierarchical
approach to the systematic characterization of the workload of a parallel
system� to be kept as modular and �exible as possible� The methodol�
ogy is based on three di�erent� but related� layers
 the application� the
algorithm� and the routine layer� For each of these layers di�erent char�
acteristics representing functional� sequential� parallel� and quantitative
descriptions have been identi�ed� These characteristics are speci�ed in
a system independent way to clearly separate between the workload de�
scription and the architecture description� Taking also architectural and
mapping features into consideration� the hierarchical workload charac�
terization can be applied to any type of performance studies�

� Introduction

The main reason to use parallel systems is to get more and better performance�
i�e� either to be able to solve larger problems or to solve given problems in a
shorter time� So� in fact� performance is the driving force to develop new appli�
cations for parallel systems� The performance of such systems depends on many
more aspects than that of a uniprocessor system� due to the more complex behav�
ior of its hardware and software components� Therefore� from the performance
point of view� there are more challenges but also deeper pitfalls �CS����

Performance evaluation studies are to be an integral part of the design and
tuning of applications� i�e� the workload� to reduce the development and perfor�
mance debugging costs �CMM��	�� More or less for all these studies� but espe�
cially for performance predictions of applications under development� a mono�
lithic approach is not appropriate� Due to the fact that workload� architecture�
and mapping are the features with the largest impact on the performance of
parallel systems� various performance prediction frameworks have been devel�
oped� where these aspects can be speci
ed and modi
ed in structured and
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�exible ways� as independent as possible from each other� Examples are the
PAPS tool set �WKH��� WH�	�� the PRM �Fer��� Fer�� and the Mitchele�
Thiel �Her�� MT��� approaches� But even these approaches use a rather ��at�
description of the workload� reducing the understandability by increasing the
representation complexity�

In this paper we propose a hierarchical approach to the systematic charac�
terization of the workload of parallel systems able to manage the complexity of
such a workload following the same principles as used in software engineering�
Hierarchical descriptions of workloads have already proven their usability for
representing workloads of interactive �Har��� and distributed �CHS��� RVH���
systems� Our hierarchical methodology is general enough to be easily adapted
according to the objectives of the performance study� These objectives reach
from getting �performance 
gures� for an existing application �or algorithm��
which is composed of smaller components with known behavior� to predicting
the performance of an application under development before implementing and
executing it� In all these cases� a hierarchical approach is natural and helps to
manage the complexity of the workload characterization and to drive the per�
formance studies�

The methodology we present here can be applied both to functional and
data parallel programming paradigms� From the architecture point of view� we
can deal with distributed and shared memory� as well as virtual shared memory
systems� Our characterization approach� which represents a logical view of the
workload� is system independent� in the sense that the architectural characteris�
tics come in when the 
nal performance model is built� At that stage� either the
communication or the memory access behavior will be modeled using explicit
timings or hidden delays� according to the load and data distributions�

The paper is organized as follows� In Section  we introduce the underlying
methodology of the proposed hierarchical approach and we de
ne each layer
in terms of its components� The characterization of each layer is discussed in
Section �� Section 	 concludes the paper with an outlook on future activities�

� Methodology

Workload characterization studies are widely applied in the software design pro�
cess and when a synthetic description of existing programs is required� Basic
principles of software engineering technology� like abstraction and hierarchy� are
taken to manage the complexity of the software engineering process or to bet�
ter understand existing applications� In this section� the basic features of our
hierarchical workload modeling methodology are pointed out� This approach
corresponds to the user�s or developer�s mental model �view� of the software
system�

Figure � �a� shows the mental view corresponding to the user�s natural percep�
tion of a software system� Three possible levels of granularity are identi
ed�
Solving a speci
c �problem� requires the utilization of a few �methods� and
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Fig� �� Correspondences between user�s mental view� solution domain� and for�
mal model

these methods can be described by means of �blocks of operations� they are
built with�

As can be seen from Fig� � �b�� there exists a conceptual correspondence be�
tween these software levels and potential layers of characterization of the load
itself in a so called solution domain� The solution domain preserves the logi�
cal subdivision of the mental view and translates it in terms of �application��
�algorithms�� and �routines��

The workload description adopted in our methodology is based on these
hierarchical layers� At each of them� a generic but more formal speci
cation of
the load is given as follows �see Fig� � �c���

Application Layer At the very top layer the load is characterized by a coarse
granularity� in that� a whole application corresponds to the problem to be
solved �e�g�� biomolecular modeling� �uid dynamics�� As solving a problem
requires a set of methods to be applied� an application A can be described in
terms of the underlying algorithms Ai �i � �� � � � �� in the solution domain�
Formally�

A � fA�� A�� � � �g

Algorithm Layer At the intermediate layer of our methodology� the granu�
larity is re
ned in order to characterize the components of an application�
For numerical applications� algorithms solving systems of nonlinear equa�
tions are examples for the methods used at this layer� An algorithm Ai can
be described by means of the routines rij �j � �� � � � �� it consists of� more
precisely�

Ai � fri�� r
i
�� � � �g



Routine Layer At the bottom layer� the routines used to implement an algo�
rithm are considered� A routine rij is composed of code segments sjk �k �
�� � � � ��� e�g�� subroutines� functions� loops� At the very 
nest granularity� a
routine can even be a single statement� Formally� a routine is speci
ed as�

rij � fsj�� s
j
�� � � �g

According to the application under study and to the objectives of the analysis
to be performed� the granularity identi
ed for the components at each layer may
vary� Sometimes a few methods can be considered as a single algorithm compo�
nent because they are logically related� Furthermore� characterization layers can
be omitted� A small problem� which might require only one solution method� can
be characterized starting at the algorithm layer� hence omitting the application
one�

� Characterization of the Layers

After having identi
ed and de
ned three possible layers and the correspond�
ing components� we investigate the characteristics for each layer� Following the
concept of an adaptive methodology� we keep the characterization modular and
system independent�
Such a characterization starts from a functional description of the load� where
its basic components are identi
ed� Their sequences are then analyzed and the
exploitation of potential structural parallelism is then considered� The charac�
terization ends with a quantitative description� It is possible to omit certain
characteristics if they are irrelevant for the particular system under test or if
they do not provide any information useful in the performance evaluation study�
Table � summarizes the characterization of the three layers�

Descriptions
Layer Functional Sequential Parallel Quantitative

application structural multiplicity
Application set of algorithms behavior parallelism of algorithms�

graph graph volume of data

algorithm structural multiplicity
Algorithm set of routines behavior parallelism of routines�

graph graph volume of data
routine structural multiplicity

Routine set of statements behavior parallelism of statements�
graph graph volume of data

Table �� Characterization at the three hierarchical layers



Functional Description The identi
cation of the basic components for each
layer is the starting point for any further description� The statements at the
routine layer� the routines at the algorithm layer� and 
nally the algorithms
at the application layer are the basic building blocks� As already mentioned
in the previous section� the granularity at each layer depends on the workload
under study and on the objective of the analysis� For example� it is possible
to lump two algorithms together into a single algorithm component Ai at
the application layer� This lumping implies that all the other characteristics
can only be speci
ed in terms of the Ai component�
Since� at this layer� we neither introduce any order among the components�
nor their possible multiplicities� it is su�cient to identify the set of compo�
nents�

Sequential Description Once we have de
ned the set of components at each
layer �algorithms� routines� statements�� we can represent their sequences by
the corresponding models� Directed graph models� called behavior graphs�
are adopted� The components at each layer correspond to the nodes of such
graphs� If there is a positive �i�e�� non�zero� probability� that component i
is followed by component j� then an arc is drawn from node i to node j

annotated with the associated probability�
A behavior graph could also be interpreted as a state transition diagram�
where the components correspond to the states� and the arcs denote the
transitions annotated with their probabilities�
As an example we consider an application which consists of seven algorithms
�represented by the nodes A�� A�� � � � � A��� As can be seen from Fig� � �a�
nodes A�� A�� A�� A� and A� are in a sequential order� while A� is either
followed by algorithm A� �with a probability equal to ��� or by algorithm
A�� Then� from A� there is a loop back to algorithm A��
Moving one layer down in our hierarchy would mean to derive the corre�
sponding behavior graphs for the interactions of the routines within each
algorithm� Each routine can in turn be represented in terms of the graph of
its statements�

Parallel Description Graph models have proven to be a convenient method
for specifying the characteristics of parallel applications �e�g�� synchroniza�
tion or concurrency��
We introduce Structural ParallelismGraphs �SPGs�� which allow a clear and
concise characterization of the potential parallelism� i�e� the full parallelism
that can be exploited within a workload component without any constraints
with respect to the number of available processors�
A Structural Parallelism Graph is a directed graph SPG � �V�D�W ��
where V is a set of vertices corresponding to the workload components and
D � �DP �DA� is a set of directed arcs�� W is a set of weight distributions
for outgoing arcs� If no distribution is speci
ed� all the outgoing paths are
taken� If a distribution is given� the corresponding arc is taken with the as�
sociated probability�

� An arc can either represent an activation signal and�or an explicit data exchange�



Two types of arcs� precedence and activation arcs� are introduced in our
methodology� A precedence arc� belonging to DP � represents a precedence
relation between two components� such that the second component is started
after the 
rst one has 
nished� The two components can never run in paral�
lel� since they are strictly sequential� Graphically such an arc is depicted as
a thin arrow �see Fig� � �b��� An activation arc� belonging to DA� expresses
a relation between two components such that the second component is acti�
vated by the 
rst one before its completion� Thus� the two components may
run in parallel� but the second one must not start before the 
rst one� The
graphical representation is a thick arrow �see Fig� � �b��� A communication
or synchronization activity among two components� that have already been
activated or started� can be neglected� since it does not change the potential
parallelism�
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Fig� �� Examples of a sequential �a� and a parallel �b� description

For example� the application behavior graph depicted in Fig� � �a� has been
transformed in the corresponding SPG �see Fig� � �b��� By looking at the
internal behavior of the algorithms A� and A� we 
nd out that they are
completely independent of each other� To represent this in the SPG� we



simply draw two nodes A� and A�� The results that are produced by A� and
A� are both needed by A�� So we add the node A� and connect A� and A�

to A� using precedence arcs� A� has to wait for data computed by algorithm
A� at an early stage� i�e� A� does not have to wait for A� to 
nish� We
therefore connect A� and A� with an activation arc� A� can start as soon as
A� and A� have 
nished �precedence arcs� and depending on the output of
A� either A� or A� follows �precedence arcs with associated weights�� The
loop back to A� does not have any in�uence on the potential parallelism and
it is therefore not represented�

Quantitative Description All previous characteristics have speci
ed the type
of components and their possible interactions� To derive a performance model�
we also need information about the internal characteristics of the components
in terms of their multiplicity as well as the volume of data used and�or ex�
changed� Note that this description is still system independent and it does
not consider the characteristics of the system� For example� we do not specify
the duration of the components and the architecture dependent communi�
cation or memory access patterns�

The proposed characterization is general enough such that it can be customized
according to the objective of the performance studies� In the case of the existing
software� measurements are basic information for bridging the gap between the
logical description of the workload and the system characteristics �RS�	�� In such
a case� a bottom�up approach of the methodology is advisable� From measure�
ments we can also infer the information to be used for performance prediction of
applications under design� In this case� a top down approach� which starts from
a coarse grain representation of the workload� seems more appropriate�

� Conclusions

A hierarchical methodology for the systematic characterization of the workload
of parallel systems has been proposed� Such a methodology is based on a lay�
ered approach� which takes into consideration various types of descriptions of the
workload components� The characterization obtained by means of this methodol�
ogy focuses on the load� while discarding speci
c information on the architectures
and mapping strategies� In this sense� our characterization is system indepen�
dent� modular� and �exible and supports independent speci
cations of workload�
architectures� and mapping�

The system dependent characteristics are to be considered at the 
nal stage�
where the relations and transformations between the various characterizations
on the di�erent layers have also to be analyzed� to obtain the 
nal performance
model� Our future work will concentrate on the study of these interactions and
on corresponding performance modeling techniques�



References

�CHS��� M� Calzarossa� G� Haring� and G� Serazzi� Workload Modelling for Com�
puter Networks� In U� Kastens and F� J� Rammig� editors� Architektur und
Betrieb von Rechnersystemen� pages �������� Springer Verlag� 	����

�CMM���� M� Calzarossa� L� Massari� A� Merlo� D� Tessera� and A� Malagoli� Perfor�
mance Debugging of Parallel Programs� In Proc� AICA Annual Conference�
pages ��	����� Palermo� Italy� 	����

�CS��� M� Calzarossa and G� Serazzi� Workload Characterization
 a Survey� Proc�
of the IEEE� �	���
		���		��� 	����

�Fer��� A� Ferscha� The PRM�Net Model � An Integrated Performance Model for
Parallel Systems� Technical report� Austrian Center for Parallel Computa�
tion� University of Vienna� 	����

�Fer��� A� Ferscha� A Petri Net Approach for Performance Oriented Parallel Pro�
gram Design� Journal of Parallel and Distributed Computing� 	����
	���
���� 	����

�Har��� G� Haring� Fundamental Principles of Hierarchical Workload Description�
In G� Serazzi� editor� Workload Characterization of Computer Systems and
Computer Networks� pages 	�	�		�� North Holland� 	����

�Her��� U� Herzog� Performance Evaluation as an Integral Part of System Design�
In M� Becker et al�� editors� Proceedings of the Transputers��� Conference�
IOS Press� 	����

�MT��� A� Mitschele�Thiel� Automatic Con�guration and Optimization of Parallel
Transputer Applications� In Proceedings of the World Transputer Congress�
Aachen� Germany� 	���� IOS Press�

�RS��� E� Rosti and G� Serazzi� Workload Characterization for Performance Engi�
neering of Parallel Applications� In Proceedings of the Euromicro Workshop
on Parallel and Distributed Processing� pages �������� IEEE Computer So�
ciety Press� 	����

�RVH��� S� V� Raghavan� D� Vasukiammaiyar� and G� Haring� Hierarchical ap�
proach to building generative network load models� Computer Networks
and ISDN� 	���� �to appear��

�WH��� H� Wabnig and G� Haring� PAPS � The Parallel Program Performance
Prediction Toolset� In Proc� of the �th Int� Conf� on Modelling Techniques
and Tools for Computer Performance Evaluation� pages �������� Springer�
Verlag� 	����

�WKH��� H� Wabnig� G� Kotsis� and G� Haring� Performance Prediction of Parallel
Programs� In G� Haring and G� Kotsis� editors� Proc� of the �th GI�ITG
Conference on Measurement� Modelling and Performance Evaluation of
Computer Systems� pages ������ Springer Verlag� 	����

This article was processed using the LaTEX macro package with LLNCS style



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


