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. INTRODUCTION Our research [8] is focused on the development of a
component-based framework that supports components with
As computational science has evolved, applications &gffproved programming flexibility and with behavioral analysis
being developed that focus on more complex problems [1], [Hapability. [9] In this paper, we will outline the approach that
This often results in the use of a set of element applicationge gre developing in these two areas. An important part of a
that focus on a relatively narrow aspect, to build composifogramming system with such capabilities is the method by
applications that are more complex in scope. This oftegnich information describing the programming characteristics
requires for the various codes that make up the compos§e a software component is managed. This information is
application to be executed on several computers located §fen packaged separately from the user code that expresses
a heterogeneous network of computers. These codes mawRe primary algorithm of the component. It is referred to as
stand-alone executables or they may be a library of functiopfetadata. In this paper, one focus will be on describing the
(or objects for object-oriented languages). These codes gigtadata designs behind the prototypes that we are developing.
often created by multiple developers, so efficient code shari;z\gditiona”y, aspect-oriented programming (AOP) concepts
and good portability are often important requirements. The UgR| pe used to motivate the design of a framework that

of software component technology is viewed as one approagihports better application modularity (or using an AOP term,
for developing a software development environment, or framgetter separation of concern) [10], [11].

work, that supports the development of such applications [3],
[4], [5], [6].

Systems based on software components generally focus on
the interface design of the user code packaged as a componedine of the most important requirements of a well-designed
based on some specification [7]. A framework can then Bgplication is that it be organized into appropriate modular
developed that supports the efficient integration of such commits. Such a modular design is useful for a number of reasons,
ponents into a composite application. Often, a framework ivith the most important being that the code is typically easier
cludes a registry service which catalogs available componefds the developer and others to understand. But a modular
along with appropriate information, or metadata, for use efesign does not guarantee that the application is sufficiently
those components. These systems can make the developraasy and efficient to modify. As mentioned above, composite
of composite applications easier. applications that are developed to study new phenomena need

The software component model is sometimes viewed geod modification flexibility. Developers will need to modify
providing a similar ease of use as that found with electrongach code elements to determine the best algorithms. They
components for audio systems and personal computers. Thight also need to combine code elements in a variety of
analogy has some merit, but there is a key difference. THéferent configurations. This means that the design of each
functionality provided at each electronic component interfagdement’s behavior and its interfaces must support flexible
is limited to a few standards with new specification evolvingomposability requirements. Such applications may be used
slowly. In the computational science arena, especially at tbg groups and on a variety of platforms, so flexibility is also
research end of the spectrum, interfaces need to be vaseded to support different user preferences.
flexible as testing different ideas is often done. But even moreSuch flexibility starts with the design of the modular units.
important, the compatibility of a software component to a conMost scientific applications are focused on computing algo-
posite application can strongly depend on the internal behaviithms that model some physical problem, and the code that
of that component. Determining if a software component #irectly implements those algorithms can be viewed as the
sufficiently compatible can require a great deal of testing apgimary aspect of the application. In the following discussion,
even modifying the composite application. this code will be referred to as the application ‘tasks’. A

well-designed task should typically compute a clearly defined
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function calls should be able to be described in a succiroput/output to files. For a distributed application, the appli-
manner. However, modeling science can result in compleation not only needs to use files but it needs to know where
coding requirements where optimization and correctness diee tasks are that use them, how those tasks are grouped into
mands result in code that is not so clearly designed. In someecutables, where those executables are located, and other
cases data can be very large, so a single copy must ofteniffermation not relevant to the single machine environment.
shared with different tasks in the application. This can restultiple copies of data and code are often needed. Error
in compromises in coding style for some tasks that do nbandling and debugging are more difficult.

produce the optimum clarity. In other cases, the data has to

be moved outside the scope of the ta_sk: written to a file, S%l.t DIST Programming Model

as a message, or passed as a function argument. For various

reasons, the coding of such data transfers often results il "€ DIST Programming Model was a first attempt at man-

intertwined code. This intertwined code can result in a lo&9Ng these distributed computing aspects [12], [13]. The DIST

of clarity in understanding the primary aspect of the task ahdogramming Mod_el evolved as part of the development of a
make it more difficult to make code changes. This data transfifneral programming framework for the development of large,

code can be though of as one type of secondary aspect of qhgributed, composite applications. The primary user code was
user code. encapsulated as a Task Programming Component. The other

The result is that a great deal of scientific applications apgdmg aspects were encapsulated into other Programming

difficult to port to other machines, share with other users, a&pmponents.

integrate with other applications. The developers want to focusl) A Task Programming Componemiaps to the basic task
on developing the best tasks (where they have expert skills) concept described above. It is the primary abstraction
and not be distracted with the design of the secondary tasks. that encapsulates user-written code. The user code could
While object-oriented programming has provided some con-  be single-threaded, multi-threaded, or data-parallel. A
structs which help, much more needs to be done. The research Popular approach to designing programming systems is
being discussed herein is focused on developing programming Package task code as a software component.
techniques that promote the development of applications with2) A Context Programming Componerg defined as a
good portability characteristics which can be more easily ~ collection of tasks and data packaged for execution
shared with others and integrated into composite applications. ~and interaction with other tasks. A Unix process is an
The emphasis W|“ be on Supporting a programming Sty|e eXample. It iS Often Convenient to deSign a context as

where the primary tasks and the secondary aspects can be @ server that can dynamically load tasks and create
managed separately. memory to store data values.

3) A Memory Programming Componeist used to manage
user defined datasets that need to be shared with other
A. Distributed Computing Aspects tasks in the same context. By managing the primary
It can be a subjective decision as to what code is character- copy of shared data outside the scope of a task, each
ized as part of the primary tasks and what code is associated task gains portability. This eliminates ownership of the
with secondary aspects. With this caveat, one example of data as a composability problem. Clearly, appropriate
a secondary aspect is the modification of a straight-forward ~ synchronization must be part of the design. Both copy
implementation to give better performance for a particular ~ and direct access (via pointers) techniques can be made
compiler or hardware architecture. Another example is error ~ available to support parallel usage and performance
handling code that allows an application to close gracefully — requirements.
rather than crashing when an error occurs. However, a larget) A Platform Programming Componeencapsulates one
group of aspects deal with communication of data between Or more computers managed as a single entity that is
different tasks as discussed in the previous section. Programs connected via a network to other platforms. A Platform
written for distributed environments usually include a large IS managed as part of a site (essentially, a local area
number of these type of aspects. The approach discussed below network with some shared file systems). In addition to
will focus on these data communication aspects. describing the details of a physical or virtual computer,
As computer hardware technology evolved, distributed com-  the Platform includes information about file systems,
puting became an a||uring option_ At the expensive end, specia| resource schedulers, and potentially other site resources.
purpose machines need to be shared by users located & An External Programming Componen¢ncapsulates
different sites. At the less expensive end, there is an increasing  Software systems and hardware devices outside the scope
number of underutilized machines with a useful performance  Of a context where data can be sent to or received from.
level. However, to be useful, it is usually necessary that the ~ The primary example is a file.
application be distributed over a number of machines, and6) An Event Programming Componertt used to defined
distributed applications can be difficult to develop and manage. ~ synchronization signals that are shared by different
Distributed applications involve more resources than a single  tasks.
machine application and the result is more secondary aspectEach Programming Component type encapsulates a physical
which are required to manage these resources. For a singleconceptual entity that needs explicit management in a
machine application, the main secondary aspect is managdistributed application. Associated with each Programming



Component type are a set of methods to manage that entity d#eéhg addressed by a area of research which is referred to
a set of metadata to allow one to configure different entiti@s Aspect-Oriented Programming (AOP) [10], [11]. An AOP-
of that same type. The entities can be specific or virtudlased system would manage the task and aspect code sepa-
For example, a specific Platform definition would describe rately to support efficient code development and modification.
specific computer and specify its network address. A virtual programming and execution framework would support the
definition would give requirements that a scheduling systeimterweaving of the task and aspect code so that correct and
could satisfy at runtime. Framework methods are designefficient execution would result. This interweaving could occur
to provide the basic distributed computing requirements. Fdaring compilation or at runtime or both.
a Context instance, this includes starting and stopping the
associated executable code. For a Task instance, this incIu&esrhe Nautilus Framework
starting and stopping user methods or functions along wi
moving input and output arguments between the Contextsin the Nautilus project, AOP concepts are being used to
where the calling and the called code reside. For a Memaeytend the DIST Programming Model. The focus is on re-
instance, methods are needed to move data between a Menpbaging the use of Programming Component methods that are
instance and a Task instance, as well as between two Memspgcific to each Programming Component type with generic
instance which might be in different Contexts. methods. When the methods for the various Programming
For each Programming Component type, one or mofgmponent types are analyzed, it can be observed that they alll
definitions can be defined via metadata and named. Tingolve importing or exporting data and defining functionality
names of these Programming Component definitions are thequests that need to be executed outside the scope of that task.
used with framework methods in user code to identify eadie portability and flexibility concerns, mentioned above, are
particular definition. In the user code, an instance of a partidirectly related to how much of the detail of each external
ular Programming Component definition can be created argfjuest is hard-coded inside the task.
named. Framework methods associated with that Programmind\ generic method approach is being incorporated into the
Component type can then be executed on that instance BWST model to minimize those details. Many import/export
ject. A framework compatible with the DIST Programmingpperations involve moving data. At the point where the request
Model will execute these methods and provide any underlying passed to the execution system, the data is passed by
distributed computing functionality. Because of the choice specifying it in terms of task variables which take the form of
Programming Component types and the associated metadptanters or memory addresses. [This is even true when data is
a framework can be designed to provide this distributgzhssed-by-value. The execution system just uses the memory
computing functionality with a good degree of efficiency. addresses to make a copy of the data in that case.] An alternate
approach would be to organize any data that needs to be passed
. APPLYING ASPECFORIENTED PROGRAMMING out of the scope of the task into datasets. Each dataset would
CONCEPTS consist of a set of elements. Each element would consist of
an array of variables of a single base data type along with
a label (i.e, a string variable). The task would create such
The DIST Programming Model supports a programmindatasets, name them, and expose their memory addresses to
style with good composability and portability characteristicshe framework as part of a registration process. This would
An application that uses DIST has much of the distributdae allow data references to be passed to any execution system
programming detail removed from internal locations in ther framework as labels rather than memory addresses when
task code and located in metadata files where it can be mdmne as part of a request for external functionality. This
easily managed. However, specific Programming Componesfpports a distributed execution environment since labels can
methods still were dispersed in the user code and portabilitg understood by executing code in different memory address
still needed improvement. spaces (i.e., different processes). It also supports the use of
For example, a task might be developed to use an Exterd®P concepts. Aspect code can be written that executes
Programming Component to write data to a file. When sharedcondary aspects outside the scope of the primary task. The
in another application, this task might be required to seritchmework would intertwine the execution of the aspect and
the data as a message to another task. The task would ttien primary task code in an appropriate manner. The aspect
need to be modified. It is such a modification that generatesde would just execute on data provided by the task at some
the concern. Often when such modifications are made, tappropriate point. The use of labels to specify the desired data
primary aspects of the tasks are accidentally altered. Tteebe used by the aspect allows for a more flexible system to
debugging process then needs to be repeated and this cabéédesigned.
very expensive. The user task needs to define and to communicate these
As mentioned above, it would be much better if the primargppropriate points to the framework. In the AOP literature,
and secondary aspects could be managed separately. For sodd points are referred to as join points. In Nautilus, they
correctness and performance reasons, this can be difficale just framework methods that passes a unique label to
Therefore, the different aspects are often programmed inthee framework to identify a location in the user algorithm.
cross-cutting style. Managing these cross-cutting concer@sparate aspect code can then be generated that maps a
is just one example of the programming problems that adesired operation and any associated dataset labels to each
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join point label. An AOP implementation would vary fromand aspect-oriented programming. The use of separate datasets
such a simple mapping to a more complex approach whdog input and output arguments makes it clear what data needs
conditional statements are included. to be moved.

A set of join point and dataset definition methods could For applications that include a large number of function
be enough. But, this would require that all data accesalls with a variety of different arguments, one might think that
synchronization be specified as part of the definition magsis would result in maintaining a large number of datasets.
for a join point. By adding lock and unlock functionalityOne might need to create or modify a dataset for each remote
to the dataset design, it is anticipated that a more flexiblequest. However, the framework could be designed to support
programming system will result. Both approaches will be triegrgument formats. Using argument formats a super dataset
in the Nautilus prototype being built. could be programmed that contained the input arguments (and

The implementation will initially take two forms. The baseeven the output arguments) for a set of functions. The metadata
form will be a set of framework aspect methods that can lber each function could include the name of an argument
configured by the application developer using metadata. THigmat. The argument format would specify those element
will provide the simple mapping functionality described abovdabels needed for the input and output arguments of that
The programmer will provide a list of mapping instructiongunction. Aspect code could be used to select different element
that specify the name of methods to execute at each join pdilpels for the same function at different join points. The user
along with the name of the datasets to use with those methaidsk could be written in a relatively generally style. External
For more complex functionality, such as conditional executionetadata could then provide the specificity to complete the
of an aspect at a join point, an aspect method library will b&pplication. The advantage is that a task can be more easily
developed. This library will allow the user to write an aspecnodified to test different options or to be integrated in other
code that would typically run in parallel with the primary taskapplications.

For example, this user aspect code would interject appropriaterhe design being developed in the Nautilus framework
operations at each join point in the task code. is exploring many of the possibilities suggested above. The
target ‘framework methods’ will include the join point concept
along with support for dataset management and usage. The
design will include all the original DIST system Programming

Historically, all information requests needed to augme@omponents and framework methods. But, the implementation
the primary computations of a user task have been dopeing built will support the execution of these methods as
with some type of procedure call. In most languages, thesspect code triggered by execution of a join point located in
procedure calls and any associated data were passed tahentask code. In many cases, the distributed computing func-
executing framework (the operating system in most cases)t@ality can be requested by creating a simple metadata file.
some type of pointer. This has proved to be a very efficierbr example, a metadata file could contain a list of Contexts,
programming and execution approach in single machine engiach with an associated Platform. This list would specify a
ronments. But for distribute environments, pointers generalgt of executables along with the machine on which to start
cannot be passed from one executable to another. Essentiahiyt executable or a procedure to determine that machine. The
the request on one machine needs to be put in a form thaétadata could also specify a set of Tasks to pre-load (so that
can be shipped to the target machine and then translated bgugk executable defined by a Context could dynamically link
to form where the code on that target machine can execttea object library). Other metadata information could specify
the desired procedure. One approach is to use an interfaest files be pre-staged to designated Platforms (actually to a
definition language(IDL) and define any needed functions file system associated with the machine represented by that
methods in this ‘super-language’ so that an IDL compiler cgPatform). Such aspect metadata could be used to initialized
generate appropriate code for used in the calling and the calthd remote executables of a distributed application. Alternately,
executable [3]. it could be triggered by a single execution of a join point

The approach described below supports applications that start additional resources. This is just one example of
need a solution that a more flexible approach to code intghere the extension of the DIST model using AOP concepts
gration. Consider the follow form: can generate an application with significant programming
flexibility.

Ultimately, it is believed that the proposed approach will
result in a programming style that supports a high degree of
programming clarity. When a developer writes a task, they
The ‘framework method’ represents a small set of traditionalill focus on the coding of the primary algorithm along with
style procedure calls that could be used to request any fudefining datasets and join points to support any potential
tionality that is executed outside the scope of a task. Tkbaring of data with another task. This is similar to what
specific functionality could be expressed by thdunction a user does when a function call is inserted into the task.
name> argument. It would just be a portable label (i.e, &he difference will be that the user will focus more on data
string variable). Just as was the case for data describe ab@wehanges and the timing of those exchanges rather than the
the use of a label rather a function pointer has advantages li@havior of how that data is created or used outside the scope
implementing framework that support distributed computingf the task being created at that moment. That data exchange

C. Discussion

<output dataset label> =
framework_method (<function label>,
<input dataset label>)



may be done by the execution of a local or remote task ststems of linear equations by iterative methods. Work by
runtime, but it could also be done by reading or writing a filBhowmick et al [14], [15] uses statistical techniques to con-
(or some equivalent entity). This decision of how the dattruct multi-methods, ranking iterative methods in some order
will be exchanged can more easily be delayed becauseobfeliability, an idea that was used in the LinSol package [16]
the programming flexibility that results from an AOP-basebut only based on heuristic reasoning there. A more dynamic
framework design. This will be particularly important wherapproach, basing the ranking of methods on the properties
the choice of the specific remote task requires a behavioddlthe input data, was taken by Xet al [17] and Eijkhout
analysis technique were data needs to be collected by runnarmgl Fuentes [18]. Experiments by Eijkhout and Fuentes have
several candidate tasks in the target application to see whgttown this approach of applying non-numerical techniques to
is more suitable. This is the type of analysis discussed in themerical decision making to be especially promising.
Behavioural metadata section below. Our development of behavioral metadata in the program-
The above approach should be viewed as an experimentriing framework is intended to support such approaches.
new programming techniques rather than as a prototype for
a new language. The basic goal of an AOP system, a betfer
modular application design, is clearly desirable. The ultimate
value of AOP will depend on whether practical approachesIn the traditional way of calling numerical libraries straight
can be implemented. While programming each aspect offram the application code, the only defined interface is that of
system separately has conceptual merit, it can also leadthe problem data. Typically this is stored in some sparse matrix
disaster. Most experienced programming are aware of ma@ymat and using arrays for any vectors passed. However,
cases where a high-level programming choice did not give thaplicitly there is at least one more interface. Many numerical
expected result when the compiler translated that high-leveltines take parameters that control their inner workings,
instructions and integrated them with the other parts of tiséich as the restart parameter in GMRES, the ordering of a
application. direct LU factorization, or the number of fill-in levels in an
For this reason, the approach taken is not to develop justld) preconditioner. Absent any decision-making support, such
set of high-level instructions that implement aspect weavirsgttings are supplied by the programmer. In our notion of a
in a black-box mode. For a few simple cases, framewoftamework we want to move to a scenario where these settings
methods will provide aspect weaving capability. For the mogre programmatically supplied. A component supplying these
complex cases, the emphasis is to implement support for p@rameters could additionally make the decision which of a
programmer to develop their own aspect weaving code. Onggmber of available algorithms to instantiate in the context of
the value and practicality of aspect weaving is learned, mdfe current problem.
sophisticated language approaches can be implemented.  This component, which we will call an ‘(Intelligent)
Clearly, there will be some negatives to this approach. Awitch’, has two interfaces, one on the side of the numerics,
the initial implementations will all be done using runtime li-and one on the application side. For now we will largely be
braries, execution efficiency may suffer. However, the potentiancerned with the latter; we will address the former in future
exists for the some of proposed technigues (along with ide@search.
from other AOP research) to be integrated into compilation The Intelligent Switch is concerned with dynamic numer-
systems. Ideally, new languages could be developed that beitat decision making. For this, the application-side interface
support distributed computing and aspect-oriented prograaecepts minimally the problem data. This, however would put
ming. the burden of the problem analysis on the Switch, which is not
the appropriate place for it. Rather, we posit the existence of
V. BEHAVIORAL METADATA Analysis Modules which accept the problem data (or subsets
Our proposed programming framework can also govern tHeereof) and return metadata: higher level descriptions of the
insertion of numerical capabilities into application compoproblem data. Since this kind of metadata is of a higher level
nents. This process is not straightforward, since often there #en strictly describing the data, and is intended to influence
several numerical algorithms that will realize the same inputie numerics of the application, we call this ‘behavioral
output specification, but do so with radically different degregpetadata’.
of efficiency. Deciding on the right algorithm is therefore of
Fremendou§ importance. Unfo.rtun.ately, thg optimal choiceés_. Behavioral metadata
inherently intractable, depending in complicated ways on the
problem data, and in practice we can only hope to make aBehavioral metadata is different in nature from the metadata
good enough choice. Even this more modest aim is one thigscribed in the earlier part of this paper, and from the usual
is difficult to automate. For small-scale projects the prop&Ption of metadata as giving a full description of problem data.
choice of numerics involves extensive experimentation, aN§e envision two kinds of behavioral metadata:
for larger-scale projects often a numericist is included on thel) Information that is derived from the problem data, such
payroll to arrive at an efficiently executing application. as matrix norms or estimates of the operator spectrum,
Recent experiments have shown that this degree of human and
intervention can be considerably lessened, by employing non2) Information that is known to the generating application,
numerical data analysis techniques in the field of solving  but which typically does not get included in the problem
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data, such as the nature of the discretization scheme information as matrix norms (although it should be noted
used. that the 2-norm and spectral radius are in general not easy
We will devote a few words to both categories. to compute) and amount of diagonal dominance. Matters

1) Derived metadataThere is a lot of information about of symmetry, both noting whether a matrix is symmetric
problem data that could conceivably be useful to numerical and giving the norm of the symmetric and anti-symmetric
software, such as information about the structure of the Part, also belong in this category.
problem, or spectral information about the operator. (Seee Finally, we propose a category for spectral matrix data,
section IV-C for discussion of our initial core categories of  diving estimates for such quantities as the location of the
derived metadata.) Some of this information, such as structural €llipse enclosing the spectrum, and the departure from
properties, can be derived from a matrix in time proportional hormality. Since the estimates given for these quantities
to the number of nonzero elements. Spectral data, on the other depend on the algorithm used to derive them, our meta-
hand, can not be found exactly in a time essentially less than data format has provisions for annotating the value with
that required to solve the problem, so we have to resort to the ‘signing authority’; see [18] for further details.
heuristic estimates. In between these two categories lie such

data as the norm of the symmetric part of an operator, which isI hi he efficient devel ‘ ) i
moderately tricky to compute, especially in a parallel context. n this paper, the efiicient development of composite appli-

Generation of derived metadata requires only the proble‘?ﬁt'o?tS has been discussed W:h thehfocus belgg ?]n t_he USE
data as input to the analysis modules; the metadata is then thgoftware components to package the user code that is use

formal description of information passed from the analysfg uild the.com.p05|te.appllcanon.s. Because of the complgx
modules to the switch component. nature of scientific applications, using software components in

2) Application metadata:The second kind of behavioral® plug-and-play style is not so simple. The design of the soft-

metadata does not consist of derivable data, but rather §#'€ componer_lts (or user tagks) anq th_e frameworks used to
information that is normally lost in the interface between thigtegrate themn |r_1t(_)_a con_1p_03|te application nee_d_to suppor_t a
physics and numerics component. Typically examples are feat dgal 9f flexibility. This is needed to a!lovy efﬂment. exper-
coordinates of grid points, which can be used for geometmentatlon in the developr_nent of the .applllcat|on. Additionally,
domain decomposition, or the nature of the finite elemef{tamework.S nged to assist the.a'p.phcatmn Qeveloper beyond
discretization, which information can be used by multigri%JSt ensuring interface compatibility. 'V'atCh'”Q the mterngl
codes, or incomplete factorization routines. ehavior of two user tasks that are coupled in a composite

In this case of application metadata, the analysis modufplication is equally important. While a completely automatic

do not derive the metadata, but rather perform at mostpghaworal analysis may never be a reality, frameworks can

translation. Both interfaces of the analysis module now u plude sub_-;ystems thgt provi_de the user \.Nith insight as 0
behavioral metadata, though probably of different categori compatibility of the integration of a task into a composite

. . lication.
on input from on output. (See below for a further explanatlofﬁpp . Lo .
of metadata categories.) The goal of the research program described in this paper is

to address the above issues by applying several relatively new
techniques to explore the design of components, frameworks,
C. Core metadata categories and the associated programming styles. Metadata is being used
In [18] we described a storage format and API for dealingxtensively to describe various elements of an application
with behavioral metadata. We also proposed a set of cared a framework and software tools are being developed
categories of metadata that we think will be useful in martpat use this metadata to augment the execution of the user
numerical linear algebra contexts. Here we briefly reiteratasks. Aspect-oriented programming concepts are being used
these categories. to support better modularity and portability in the design of

« In case we are dealing with problem data that is stored §AMPonents and composite applications. Behavioral analysis
file, rather than in data structures, we can give inform&echniques are being used to further enhance portability by
tion about the file, such as to note if elements are sortétfluding knowledge about the use of an task in its metadata.
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