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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�
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