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X.1 Introduction
Parallel application design and development is a major area of interest in
the domain of high performance scientific and industrial computing. In fact,
parallel computing is becoming an integral part in several major application domains, for instance: space, medicine, cancer and genetic research,
graphics and animation, image processing-to name a few. With the advent
of fast interconnecting networks of workstations and PCs, it is now becoming increasingly possible to develop high-performance parallel applications
using the combined computing powers of these networked-resources, at no
extra cost. Contrast this to the situation until the early 90s, where parallel
computing was largely confined only to special-purpose parallel computers,
each priced high enough to be affordable only by major research/academic
institutions. Consequently, high-speed networks and fast general-purpose
computers are aiding towards the mainstream adoption of parallel computing at a much more affordable cost. However it must be mentioned here
that parallel computing is not simple. The complexity arises due to the
accumulation of many low-level parallelism related intricate details, on top
of the sequential code. As an aid to handle some of these complexities,
this research proposes a generic model for designing and developing parallel applications through the employment of reusable patterns in parallel
computing.
The concept of design patterns has been extensively studied and used
in the context of object-oriented software design. Patterns in this context
describe strategies for solving recurring design problems in systematic and
general ways (Gamma et al., 1994). Similar ideas are being explored in other
disciplines of computing as well. For instance, ACE (the Adaptive Communication Environment) is an object-oriented toolkit that implements various network-level patterns to simplify the development of concurrent, event
driven communication software (Schmidt, 1994).
In the parallel computing domain, design patterns describe recurring
parallel computational problems of similar structure and communication-
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synchronization behavior, and their solution strategies. Examples of such
recurring patterns are: static and dynamic replication, divide and conquer,
data parallel pattern with various topologies, compositional framework for
irregularly-structured control-parallel computation, systolic array, singleton pattern for single-process single- or multi-threaded computation.

X.1.1 Pattern-Based Approaches in Parallel Computing
The exploration of design-pattern concepts in the parallel programming domain is not something new. Starting with the late 80s, several pattern-based
systems have been built with the intention to facilitate parallel application
development through the use of some of these ready-made, reusable components. Some of these earlier systems include Code (Browne et al., 1989) and
Frameworks (Singh et al., 1991). Some of the recent systems based on similar ideas that are worth mentioning are: Enterprise (Schaeffer et al., 1993),
Code2 (Browne et al., 1995), HeNCE (Browne et al., 1995), Tracs (Bartoli
et al., 1995), and DPnDP (Siu and Singh, 1997).
Frameworks was one of the earliest systems specifically designed to restructure existing sequential programs to exploit parallelism on workstation clusters. Patterns in Frameworks are called templates, which are at
a different level of abstraction than the parallel patterns mentioned previously in this section. In Frameworks, an application consists of modules
which interact with one another via mechanisms similar to remote procedure calls (RPCs). A module’s complete interconnections with other modules are specified by an input template, an output template, and a body
template. Developers create modules by selecting appropriate templates
and application procedures. Arbitrary process graphs could be created by
interconnecting resulting modules.
Enterprise was an improvement over Frameworks in several aspects. Patterns in Enterprise are at a much higher level of abstraction than in Frameworks. The three-part templates in Frameworks are combined into single
units in Enterprise and are called assets, which are named to resemble operations in a human organization. For example, the asset named department
represents a master-slave pattern in the traditional parallel programming
terminology. A fixed collection of assets is provided by the system which can
be combined to create an asset diagram to represent the parallel program
structure.
Code, Code2 and HeNCE are all based on visual programming techniques
to aid the programmer develop his parallel structure graphically through
the use of nodes and arcs that represent computations and interactions
respectively. Code is one of the pioneers of the idea of a two-step development process where during the first step, programmers design the various
sequential components and then, in the second step, compose them into a
parallel structure. The graphs in Code depict data-flow pattern of computation. Each node in Code could itself be another data-flow graph. Thus it
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supports reuse of other data-flow graphs by allowing recursive embedding
of graphs. As a major distinction between Code and HeNCE, graphs in
HeNCE depict control-flow. In addition, Hence supports patterns supporting replication, pipeline, loop and conditional constructs.
Tracs is another graphical development system, however with some new
concepts. Application development in Tracs consists of two distinct phases:
the definition phase and the configuration phase. During the definition
phase, the user defines the three basic components of an application: the
message model, the task model and the architecture model. The architecture model defines the software architecture of the parallel application in
terms of message and task models. An architecture model defined during
this phase can be saved in a user-defined library for later use. During the
configuration phase, the programmer constructs the complete application
from the basic components, either defined during the definition phase or
selected from the system libraries or both. Evidently, Tracs is one of the
first systems known to us that is based the idea of extensibility by providing
support for an extensible library of user-defined architecture models.
It is worth mentioning here that unlike the design-level patterns in the
object-oriented domain (Gamma et al., 1994), the previous systems in parallel computing support patterns not only at the design level but also at
the implementation level, that is: the design-level patterns are also preimplemented (similar in concept to a framework in the conventional software engineering terminology).

X.1.2 Limitations of the Previous Approaches
Though the idea of design- and implementation-level patterns hold significant promise, in practice however, most of the pattern-based approaches
mentioned previously suffer from severe limitations. Some of these limitations include: limited usability, lack of flexibility, limited to zero extensibility.
Most systems support only a limited set of patterns in ad hoc ways. There
is no generic or canonical model of a pattern which, in turn, substantially
hampers the usability of the approach. Usability is also hampered by the
lack of a clear-cut methodology for composing various patterns in a single
application. Besides usability, there are two other very important aspects:
flexibility and extensibility. Most of the systems are hard-coded with a limited and fixed set of patterns, and often there is no clear way to add new
patterns to the system when required (that is, lack of extensibility). Furthermore, if a certain desired parallel pattern is not supported by a system,
often there is no alternative but to entirely abandon the idea of using the
particular approach (that is, lack of flexibility). The interested reader can
refer to the comprehensive paper by Singh et al. for a detailed look at the
desirable characteristics and the shortcomings of different pattern-based
approaches in parallel computing (Singh et al., 1998).
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Tracs (Bartoli et al., 1995) is one earlier system that addresses the issue
of extensibility. However, the type of extensibility realized inside Tracs is
restrictive. For instance: in Tracs a user can graphically create a 5-slave
master-slave pattern and save it inside the library for future use. However,
a generic master-slave pattern could have been more useful for this purpose.
Complete graphical representation of parallel applications, as in many
of the previously mentioned approaches, also has its limitations. As one of
these limitations, graphs alone may not be enough to convey the behavior of
an application. For instance: in the graphical representation of a 2-D dataparallel mesh and a systolic array pattern, they might look structurally
identical. But these two patterns differ significantly in their behavioral
aspects, which may not be elegantly conveyed in a graph.
DPnDP (Siu and Singh, 1997) is the first system known to us that addresses both the issues of flexibility and extensibility. It was a nice attempt,
but unfortunately it concentrates only on the structural aspects of a pattern
and ignores the behavioral aspects (for instance: parallel computing model,
communication-synchronization behavior inside a pattern) altogether. Inspite of its limitations, DPnDP was a good learning experience and it set
up the initial stage for this research.

X.1.3 The Present Approach
This research proposes a generic (i.e., pattern- and application- independent) model for realizing and using parallel design patterns, useful for
solving network-oriented parallel applications. The model is based on the
popular message-passing paradigm, which makes it suitable for a cluster
of interconnected workstations or PCs. The structural and behavioral attributes associated with a parallel design pattern are abstracted in an application independent manner. These application-independent abstractions
hide most of the low-level details which are commonly encountered in any
parallel application development (for instance: problem decomposition and
distribution, process/thread creation, process-processor mapping, communication and synchronization, data packing and unpacking, load balancing,
etc). The set of abstracted attributes is generic for all patterns.
The term parallel architectural skeleton is used to imply an applicationindependent physical realization of a pattern. A parallel architectural skeleton can be regarded as a building block which contains the necessary ingredients for constructing application-specific virtual architectures, suitable
for solving problems that conform to a specific parallel computing pattern
or a collection of patterns.
In the rest of the discussion, the terms architectural skeleton and skeleton
are used at places interchangeably with parallel architectural skeleton for
reasons of conciseness.
Each architectural skeleton is a reusable component that hides the lowlevel, application-independent details related to the implementation of a
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particular parallel design pattern. By separating and pre-packaging those
application-independent details from application code enables a user to
reuse the same skeleton again and again for different applications, which
follow similar patterns. Furthermore, it liberates the user from the additional burden of many of the low level details and instead enables him to
concentrate more on application-specific issues.
In contrast to the other pattern-based approaches in parallel computing,
this approach is based on a generic model which guides a user to systematically compose his application in a hierarchical fashion. The model is
generic because it can be described in a way independent of patterns and
applications. Genericness enhances usability.
The model turns out to be an ideal candidate for object-oriented style of
design and implementation. It is currently implemented as a C++ template library without necessitating any language extension. The C++implementation enables a user to design and develop his parallel applications using one of the most popular mainstream programming paradigms
and languages of today, without the extra burden associated with the learning of a new language or of a new programming methodology. As discussed
later, the object-oriented and the library-based approach have an extra
benefit towards extensibility.
The library of skeletons supplies the reusable building blocks which
encapsulate the structural and behavioral attributes associated with the
network-oriented patterns in parallel computing. The hierarchical compositional model, discussed in the next section, enables a user to systematically compose his application using the desired patterns which can interact
with one another via standard interfaces and using both low- and high-level
communication-synchronization protocols. The inherent presence of the hierarchy and standard interfaces for patterns make it possible to refine parts
of an application without affecting the rest (hierarchical refinement is discussed in a later part of the chapter). Most of the attributes associated
with the skeletons are parameterized where the parameters depend on the
needs of an application. Consequently it enables the same skeleton or a set
of skeletons to be reused for employment in different applications which
follow identical patterns but need not necessarily be the same in all other
aspects. All these issues make the architectural-skeleton approach unique in
comparison with the other pattern-based approaches in parallel computing.

X.2 The Architectural-Skeleton Model
A parallel architectural skeleton is a set of attributes that encapsulate the
structure and behavior of a pattern in parallel computing in an applicationindependent manner. The attributes are parameterized where the parameters depend on the needs of an application. A user subsequently extends
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FIGURE X.1. Relationships between a parallel architectural skeleton, an abstract
module and a module

a skeleton by specifying the parameters associated with the attributes, as
needed by the application at hand. Figure X.1 approximately illustrates
the various phases of application development using parallel architectural
skeletons. As shown in the figure, different extensions of the same skeleton
can result in somewhat different abstract parallel computing modules (abbreviated as an abstract module). An abstract module is yet to be filled in
with application code. Once an abstract module is supplied with application
code, it results in a concrete parallel computing module (abbreviated as a
concrete module or simply a module). A parallel application is a systematic
collection of mutually interacting, instantiated modules.
An abstract module inherits all the properties associated with a skeleton.
Moreover, It has additional components that depend on the specifications of
a given application. In object-oriented terminology, an architectural skeleton can be described as the generalization of the structural and behavioral
properties associated with a particular parallel pattern. An abstract module is an application-specific specialization of a skeleton.
Figure X.2 diagrammatically illustrates the anatomy of an abstract module (in this case, the module extends the data-parallel architectural skeleton
designed for 2-D mesh topology). An architectural skeleton is formally defined as follows:
Definition: A parallel architectural skeleton, As, is an application independent abstraction comprising of the following set of generic attributes,
{Rep, BE, T opology, PInt , PExt }. An abstract module is an application-
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FIGURE X.2. Diagrammatic representation of an abstract module

specific extension of a skeleton. Let Am be such an abstract module that
extends the skeleton, As. The various attributes inherited by Am (from
As) are described in the following:
• Rep is the representative of Am. When filled in with application code,
Rep represents the module in its action and interaction with other
modules.
• BE is the back-end of Am. Formally, BE = {Am1 , Am2 ,..., Amn },
where each Ami is itself an abstract module. The notion of modules
inside another module results in a tree-structured hierarchy. Am, at
the root of this tree, is the parent and each Ami is its child. Modules Ami and Amj belonging to the same back-end are peers of one
another.
• Topology is the interconnection-topology specification of the modules
inside the back-end (BE), and their connectivity specification with
Rep.
• PInt is the internal communication-synchronization protocol of Am
and its associated skeleton, As. The internal protocol is an inherent
property of the skeleton, and it captures both the parallel computing
model of the corresponding pattern and the topology. Formally, PInt
is defined as a set of primitive commands. Using the primitives inside
PInt , the representative of Am can interact with the modules in its
back-end, and a module in the back-end can interact with its peers.
• PExt is the external communication-synchronization protocol of Am
and is defined as a set of primitive commands. Using the primitives
inside PExt , Am can interact with its parent and the peers. Unlike
PInt , which is an inherent property of the skeleton, PExt is adaptable.
I.e., Am adapts to the context of its parent by using the internal
protocol of its parent as its external protocol.
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Though an abstract module is an application-specific specialization of
an architectural skeleton, it is still devoid of any application code. User
writes application code for an abstract module using its communication
and synchronization protocols, PInt and PExt . A code-complete abstract
module is called a concrete parallel computing module, or simply a module.
A parallel application is a hierarchical collection of instances of the modules.
The notion of parent-child relationships among modules results in a treestructured hierarchy. A parallel application can be viewed as a hierarchical
collection of modules, constituting of a root module and its children forming
the sub-trees. This tree is called the HTree associated with the application.
For instance: (1) in a Master-Slave application, the Master module forms
the root of the hierarchy, and the dynamically replicated children Slave
modules form the sub-trees. (2) In an application consisting of the three
modules: Producer, Worker and Consumer, a compositional module that
extends the compositional skeleton forms the root of the hierarchy, and its
three children (i.e., Producer, Worker and Consumer) form the sub-trees.
The concept of HTree is important, because the object-oriented implementation dynamically constructs the hierarchy associated with an application, while completely hiding it from the user. A singleton module, which
resembles a single process in conventional parallel computing and consequently has no children, forms a leaf in the hierarchy. HTrees are diagrammatically illustrated for the examples discussed in section X.5.
Examples in section X.5 illustrate the various concepts associated with
the model and its implementation, including examples of some of the protocols and an illustration of hierarchical refinement. A more formal description of the model can be found in the PhD thesis (Goswami, 2000).

X.3 An Object-Oriented Implementation
The following discussion presents some key-issues related to the present
object-oriented implementation of the model. The paper by Goswami et
al. contains additional information regarding the object-oriented features
of the implementation (Goswami et al., 1999b).
The model has been currently implemented using industry standard
C++ (SunCC compiler, V 4.1) without necessitating any language extension. MPI (Gropp et al., 1994), the proposed standard message passing interface, is used as the underlying communication-synchronization library.
There are several vendors who are currently working towards the implementation of the MPI standard (presently 2.0) as proposed by the MPI
forum (MPIF). The current implementation of the model uses LAM 6.1,
initially developed at the Ohio Supercomputing Center and now maintained and extended at the University of Notre Dame, USA. LAM (Local
Area Multicomputer) is an MPI programming environment and develop-
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FIGURE X.3. High level class diagram of the skeleton-library

ment/debugging system for heterogeneous computers on a network. It implements the complete MPI-1 standard and many of the MPI-2 features.
A textual interface based on a specification language whose parser is
implemented in Perl (Wall et al., 1996) helps the user in the various stages
of application development. The textual interface is parsed to produce the
front-end C++ code which is subsequently compiled and linked with the
skeleton-library to generate the executable. However it must be emphasized
here that the use of a specification language is not a language extension.
It merely helps the user to bypass certain laborious and often monotonous
C++-related details that can easily be generated using Perl. An expert
in C++, for example, may want to directly develop his application in the
language of his expertise without going through the specification-language
phase.
Other important features of the implementation include: (1) use of C++
operator-overloading to implement certain primitive operations inside protocol classes. (2) Use of marshaling and un-marshaling mechanisms whereby
the data attributes of an entire object can be marshaled, shipped over a
communication link and then un-marshaled, without the usual hassles of
data packing and unpacking. All these issues will be illustrated in section X.5.
Figure X.3 illustrates the high-level class diagram behind the design of
the skeleton library. It uses the standard UML (Booch et al., 1999) notation.
For simplicity, the figure does not illustrate the relationships between the
skeleton classes and the various protocols. The various attributes and the
methods associated with each class, and the formal parameters, in the form
of templates, associated with each inherited skeleton class are not shown
for a cleaner representation.
It is worth mentioning here that the library of architectural skeletons
exhibits the characteristics of a framework in the conventional software
engineering terminology. In that context, the skeleton-library could also be
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called a framework for developing network-based parallel applications.

X.4 Selected Patterns in Parallel Computing
Before discussing the examples that demonstrate the idea behind the model
and its implementation, we considered it prudent to discuss two of the
patterns in parallel computing which are used in the examples. A reader
already familiar with these patterns can skip this section and move to the
next section.
The following discussion briefly presents two of the patterns frequently
encountered in parallel computing: the dynamic replication pattern and the
compositional pattern. The description of the patterns is general, that is:
they are not discussed from the perspective of the model. Next section will
illustrate the physical realization of these patterns within the boundaries
of this approach. The following discussion uses the commonly accepted
format presently used in writing patterns (Meszaros and Doble, 1997) and
discusses only the mandatory elements required in describing patterns for
reasons of conciseness.

X.4.1 Dynamic Replication of Modules
Context: Your design and development of a parallel application has to
deal with a situation where a sequential-computing module has to work
collectively with a group of other modules. It may be the case that the
sequential module may not be in pace with the other modules. This will
definitely slow down the entire application if the other modules need to
rely on its outcome. Accordingly, it might be necessary to replicate the
workload of the sequential module to speedup its performance.
Context: The problem here is to find a convenient methodology to replicate workload of the out-of-pace sequential module so that the other modules in the application are not affected in any respect.
Forces:
• Speedup is obviously the biggest consideration here.
• It is possible that the some of the other modules of the application
are developed by somebody else. You need to handle your part of the
bottleneck without bothering others.
• Not all applications in the above general context are suitable for replication. For instance: the workload of a module can be easily replicated
if it performs some repeated computations, for instance inside a loop,
and each iteration is independent of the other. Moreover, no communication is involved in the middle of a computation phase. Replication
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is achieved by assigning the workload of each iteration to a separate
module, thus overlapping their executions in time. This type of situation is most frequently encountered when the modules in the previous
context form a pipeline. Each pipeline stage performs some repeated
computation which can easily be replicated, at least theoretically.
• Automatic replication is not easy to implement. An efficient implementation has to deal with issues like dynamic distribution of
workload and balancing of system load without compromising performance. For instance: if the CPUs are already overloaded, further
replication will in fact degrade performance.
Solution: A solution to this problem will depend on a more precise context. For instance: for a user of the architectural-skeleton library, the solution will be to use the replication skeleton which implements a dynamic
replication pattern. Replace the out-of-pace sequential-computing module
with a replication module, that extends the replication skeleton. Distribute
the work-load of the original sequential module to dynamically replicated
Worker modules, where each Worker is a child of the replication module. A
Worker can be a sequential module (also called a singleton module in the
context of this model). Since each Worker exclusively deals with its parent,
the replication module, and the interface of the replication module with the
rest of the modules remain unchanged from before (in the context of this
model), the other modules are unaffected by this change. As an illustration,
refer to the next section.

X.4.2 Support for Hierarchical Pattern Composition
Context: A parallel application-module that you are developing involves
several patterns in parallel computing, which need to be interconnected
in some arbitrary fashion to create a desired topology. The interconnected
patterns need to interact with one another, which might involve a good
majority of interaction behaviors including collective communication (for
instance: scatter, gather and reduce types of operations) and peer-to-peer
broadcasting. The application-module that you are developing will itself be
a part of a bigger, more complex parallel application.
Problem: How to achieve hierarchical pattern composition?
Forces: The following issues need consideration while choosing a solution
to the problem:
• Flexibility is one of the mandatory requirements of all pattern-based
approaches in parallel computing. The approach should be flexible
enough to enable a user to intermix patterns as desired, or enable
him to bypass patterns in order to build applications from scratch.
Flexibility often enhances usability.
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• An efficient implementation of hierarchical pattern composition is
a fairly complicated issue. One of the factors that need consideration is the dynamic load-balancing of the composed modules in the
processor-cluster, where each module might contain other modules as
well. Dynamic load-balancing is itself a major research interest. Note
that an imbalance in load might cause severe performance degradation, which may mask off any possible gain.
Solution: The solution to this problem will depend on a more precise
context (other than the general context described before) of the problem.
For instance: in the context of a user of the architectural-skeleton library,
the solution will be to use the compositional skeleton that implements a
compositional pattern. Extend the skeleton appropriately to create an abstract module, which we call here the compositional module. Each of the
patterns to be composed is realized as a module in this model’s context,
and it becomes a child of the compositional module. By default, the composed children modules inside the compositional module form an all-to-all
interconnection topology. The internal protocol, PROT Net, of the compositional skeleton supports the desired communication-synchronization requirements of the composed modules. Note that the compositional module
can itself be a part of another module, thus satisfying the “hierarchy” requirement of the problem. Each abstract module becomes concrete as soon
as it is code-complete. As an illustration, refer to the next section.

X.5 Examples
The following examples illustrate the concepts behind the architecturalskeleton model, discussed in section X.2, and also illustrate the various
issues related to its implementation and use. The examples will be revisited in a following section while analyzing the software engineering related
aspects of the model and its implementation.

X.5.1 Hello World
This first example does nothing more than simply printing the string “Hello
World”. Obviously a single process structure is suitable for this purpose,
which can be realized using the singleton skeleton. As a property of this
skeleton, any module that extends it contains only the representative and
the back end of the module (that is, BE) is empty. Consequently, the internal protocol, PInt , is not required and hence it is an empty set. For the
same reason, the topology attribute is also void.
The following code segments illustrate the user’s portion of the code that
uses the current specification language:
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// My simple sequential program.
MyModule EXTENDS SingletonSkeleton
{
Rep {
printf ("Hello World\n");
}
}

Though it looks quite trivial, the example demonstrates many important
aspects of the model and its implementation. MyModule is a parallel computing module that extends the singleton skeleton. Rep corresponds to the
representative of the module. When Rep is empty, what we have is an abstract module. Filling in of Rep with application code (in this case, inserting
the code for printing the string “Hello World”) results in the concrete module, MyModule. Clearly, an abstract module is a module without application
code.
As stated before, the back end of MyModule is empty (that is, the module exclusively contains the representative) and hence its internal protocol,
PInt , is undefined. The module resembles a single process in the conventional parallel computing terminology. As a stand alone module, MyModule
has no parent and hence its adaptable external protocol, PExt , is also void
in this case. The module is both the root and the leaf of the single-node
HTree. All these issues will be further clarified in the next example.
The specification language parser, implemented in Perl, translates the
previous code to the following C++ code, inserted in the file Pmain.cc:
// Automatically generated file: Pmain.cc.
#include "BasicDef.h"
#include "VoidClass.h"
#include "SingletonSkeleton.h"
// Global definitions will go below:
//-------------------------------------//-------------------------------------// Generated code for module: "MyModule"
class MyModule : public SingletonSkeleton <Void>
{
public:
MyModule() {};
virtual void Rep() {
printf ("Hello World\n");
}
// Miscellaneous local definitions go below:
//----------------------------------------};
void Pmain()
{
MyModule TopLevel_524;
TopLevel_524.Run();
}

The automatically generated file, Pmain.cc, is subsequently compiled and
linked with the skeleton library to produce the executable, which finally
runs on a cluster of workstations or PCs.

xiv

Goswami, Singh and Preiss

Evidently, the specification language and its parser merely reduce some
of the laborious and monotonous coding, and implicit details (for instance,
choosing the right protocols) on the part of the user. If desired, the user
can simply write his application in pure C++ syntax, thus bypassing the
specification language phase.
As the generated code segments suggest, C++ templates are used to
realize certain statically configurable parameters associated with the attributes. For instance, in the previous code, the single template-parameter
associated with the singleton skeleton corresponds to its adaptable external protocol, PExt . The value parameter Void, in this case, implies that
the external protocol is void (or, undefined).

X.5.2 A Graphics Animation Application
The following example further elaborates the model and its implementation. It illustrates an irregular composition of modules using the compositional skeleton. Moreover, it emphasizes on issues like refinement and also
illustrates some of the useful features of its present object-oriented implementation, for instance: automatic data marshaling and un-marshaling
mechanisms; use of operator overloading in C++ to implement certain
primitive operations inside protocol classes.
Let us consider the graphics animation program (Singh et al., 1998) consisting of three modules: Generate, Geometry and Display. The program
takes a sequence of graphics images, called frames, and animates them.
Generate computes the location and motion of each object for a frame. It
then passes the frame to Geometry, which performs actions such as viewing transformation, projection and clipping. Finally, the frame is passed to
Display, which performs hidden surface removal and anti-aliasing. Then
it stores the frame onto the disk. After this, Generate continues with the
processing of the next frame and the whole process repeats.
The following illustration suggests one way of implementing it using the
specification language. The implementation uses the compositional skeleton and the singleton skeleton. The compositional skeleton implements the
compositional pattern, discussed in the previous section. Here, the Root
compositional module (that is, Root extends the compositional skeleton)
forms the root of the hierarchy. The three children of Root are Generate,
Geometry and Display, and they form the subtrees. Initially each of the
three children is a singleton module, and hence is a leaf of the hierarchy (refer to Figure X.4(a)). By default, the three child modules form an all-to-all
interconnection topology.
The internal protocol, PInt , associated with the compositional skeleton
is PROT Net = {Send(...), Receive(...), Broadcast(...), Spawn(...),...}. Accordingly PROT Net becomes the external protocol (that is, PExt ) for each
of the three children (refer to section X.2).
GenerateGeometry and GeometryDisplay are user defined classes whose
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data attributes can be marshaled, shipped over a communication link and
then un-marshaled, without the usual hassles of data packing and unpacking as in MPI. Their constituent data members are either system defined wrappers of standard data types or other user defined types. The
example also illustrates the use of C++ operator overloading as an alternative way for implementing and using certain primitive operations inside
PROT Net (for instance: Send(...), Receive(...)).
// ******************************************************
GLOBAL {
// Any global definition may go here.
#include "geom.h"
#define MAXIMAGES 120
// The following defines a marshal-able class.
class GenerateGeometry : public UType {
Int imageNumber; // "Int" is a System defined marshal-able
// wrapper for "int"
ObjTable table; // "ObjTable" is a marshal-able class
// defined in "geom.h"
public:
// Marshal() "this" object
virtual void Marshal() {imageNumber.Marshal(); table.Marshal();};
// Un-marshal "this" object
virtual void UnMarshal() {imageNumber.UnMarshal();
table.UnMarshal();};
// Constructor(s) etc...
...
};
// Another marshal-able class definition.
class GeometryDisplay : public UType {
Int imageNumber;
Int nPoly;
PolyTable table; // "PolyTable" is another marshal-able class
// defined in "geom.h"
public:
virtual void Marshal() {imageNumber.Marshal(); nPoly.Marshal();
table.Marshal();};
virtual void UnMarshal() {imageNumber.UnMarshal();
nPoly.UnMarshal(); table.UnMarshal();};
// Constructor(s) etc...
...
}
}
// ******************************************************
// The "Root" module, which is at the root of the hierarchy.
// It has three child modules: Generate, Geometry and Display.
Root EXTENDS CompositionalSkeleton
{
CHILDREN = Generate, Geometry, Display;
Rep {
// The representative code goes here. In this case, the
// representative has no functionality and hence it is empty.
// If needed, Rep can interact with the three children using
// the primitives inside the internal protocol, PROT_Net.
}
}
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// ******************************************************
// The "Generate" module, which extends the singleton skeleton.
Generate EXTENDS SingletonSkeleton
{
// A singleton module can have no children.
Rep {
// The representative code goes here.
int image;
GenerateGeometry Work;
for (image = 0; image < MAXIMAGES ; image++){
ComputeObjects (Work);
Geometry << Work;
// The above operation is a member primitive of the external
// protocol: PROT_Net. An alternative option is to use:
// Send(Geometry, Work, context).
}
}
// All local definitions go below:
LOCAL {
void ComputeObjects(GenerateGeometry& Work)
{
// User code for "ComputeObjects" goes here.
}
}
}
// ******************************************************
// The "Geometry" module.
Geometry EXTENDS SingletonSkeleton
{
Rep {
int image = 0;
GenerateGeometry Work;
GeometryDisplay Frame;
for (image = 0; image < MAXIMAGES ; image++){
Generate >> Work;
// The above operation is a member primitive of the external
// protocol: PROT_Net. An alternative option is to use:
// Receive(Generate, Work, context).
DoConversion(Work, Frame);
Display << Frame;
}
}
LOCAL {
// local definition of DoConversion(...) goes here.
}
}
// ******************************************************
// The "Display" module.
Display EXTENDS SingletonSkeleton
{
Rep {
int image;
GeometryDisplay Frame;
for (image = 0; image < MAXIMAGES ; image++) {
Geometry >> Frame;
DoHidden(Frame);
WriteImage(Frame);
}
}
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LOCAL {
// Local definitions of DoHidden(...) and
// WriteImage(...) go here.
}
}
// ******************************************************

As in the previous example, the specification language parser automatically
generates the front-end C++ file Pmain.cc, which is subsequently compiled
and linked with the skeleton-library to generate the executable.

X.5.3 Hierarchical Refinement
It is generally the case that Display module, which performs actions such
as hidden surface removal and anti-aliasing, is the most time intensive of
the three children modules. Consequently, the singleton Display module is
replaced with another module, of identical name, that extends the replication skeleton. The replication skeleton implements the replication pattern
(refer to the previous section).
The work load of the new Display module is now distributed among dynamically replicated Worker modules, each of which is a child of Display.
The internal protocol, PInt , for the replication skeleton is PROT Repl.
Consequently PROT Repl becomes the external protocol for each replicated child Worker.
Note that none of the other modules is affected by this change. This
type of localized replacement, whereby a subtree of the original HTree is
replaced with another without affecting the rest, is called a refinement. The
change in the implementation is illustrated next.
// The refined "Display" module.
Display EXTENDS ReplicationSkeleton
{
//The dynamically replicated children of "Display"
CHILDREN = Worker;
Rep {
int image = 0;
int success;
GeometryDisplay Frame;
while (True){
success = True;
while ((image < MAXIMAGES) && success){
Geometry >> Frame;
// The above operation is a member primitive of
// the external protocol, PROT_Net.
image++;
success = SendWork(Frame);
// The above operation is a member primitive of
// the internal protocol PROT_Repl.
}
if (!success) {// Do it myself, if not successful in
// assigning it to a worker.
DoHidden(Frame);
WriteImage(Frame);
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FIGURE X.4. HTree before and after refinement
}
if (image == MAXIMAGES) break;
}
}
LOCAL {
// Local definitions of DoHidden(...) and WriteImage(...)
// go here. Another possibility is to define them globally,
// since these methods are used in more than one module
// (refer to the following).
}
}
// Each replicated "Worker" module
Worker EXTENDS SingletonSkeleton
{
Rep {
GeometryDisplay Frame;
ReceiveWork(Frame);
// The above operation is a member primitive of
// the external protocol, PROT_Repl.
DoHidden(Frame);
WriteImage(Frame);
}
LOCAL {
// Local definitions of DoHidden(...) and
// WriteImage(...) go here.
}
}

Figure X.4(a) illustrates the HTree before refinement. Figure X.4(b) illustrates the modified HTree after refinement, which shows that only the
subtree with Display at its root is affected by this change.

X.6 Software Engineering Issues
This section focuses on the various software engineering related aspects of
the model.
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X.6.1 Reuse
There are two types of reuse we can talk about: (a) reuse of code for
patterns, and (b) reuse of application code. The first one is quite evident in
this model, since each architectural skeleton extracts and implements the
structural and the behavioral attributes associated with a pattern in an
application-independent manner. The various parameters associated with
these attributes (for instance: dimensions of a mesh, width of a divideconquer tree, selection of appropriate protocol(s), etc.) enable the same
skeleton to be configured to the needs different applications as abstract
parallel computing modules. The abstract modules become concrete with
the insertion of application code.
Regarding the reuse of application code, it is a known fact that parallel application code is nothing but sequential code with embedded parallelism constructs (for instance: calls to primitive methods belonging to
various protocol classes). In fact, a parallel application can be viewed as
a restructuring of the original sequential code with embedded parallelism
constructs. A smart restructuring enables good chunks of the original sequential code to be reused. For instance, in the graphics animation example
in the previous section, the procedures DoHidden(...), DoConversion(...)
and W riteImage(...) are reused, except for minor changes related to the
passed parameter-type(s), from the original sequential code. Moreover,
these reused procedures contain the majority of the coding of the entire
application.

X.6.2 Genericness
As opposed to being ad hoc, each architectural skeleton is defined in a
generic fashion (that is: in a pattern- and application-independent manner) with its universal set of attributes. Many useful patterns in parallel
computing are realized inside the frameworks of the generic model (refer
to Figure X.3). Each parallel computing module can interact with other
modules via standard interfaces (i.e., the representatives), a well-defined
set of protocols and using a universal set of rules. The generic approach
enhances usability.

X.6.3 Composition Using Patterns
A parallel computing module can contain other modules inside its back end,
and thus pattern composition is an inherent property of the model. The
compositional skeleton supports irregular composition of patterns inside the
back end, with no restriction on the types of patterns that can be composed
(refer to section X.4). Thus, a compositional module, which is an extension
of the compositional skeleton, can contain other compositional modules as
well. Standard interfaces for all modules and a well-defined adaptation rule

xx

Goswami, Singh and Preiss

make pattern composition extremely feasible.

X.6.4 Hierarchical Refinement
The same set of characteristics of the model that facilitates pattern composition also supports hierarchical refinements of an application. A parallel
computing module can be viewed as a black-box, where the only visibility
from the outside world is in the action of the module, and in its interface
and interaction with other modules. As long as these three factors remain
unchanged, the module can always be replaced for betterment with another module, which implements some other pattern(s), without affecting
the rest of the application.
Hierarchical refinement is already illustrated for the graphics animation
example in section X.5.2, where the singleton Display module is refined to
a dynamically-replicated module of identical name. Figure X.4 illustrates
the affect of refinement on the hierarchy.

X.6.5 Separation of Concerns
Also known as separation of specifications, it is a desirable characteristic
of all pattern-based approaches. By extracting the application-independent
components of patterns into architectural skeletons, there is a clear separation between application code and application-independent issues. The
application-independent components hide most of the low-level details related to process and topology creation, process-processor mapping, communication and synchronization, load balancing, data marshaling and unmarshaling, and numerous other issues. These pre-packaged components
are tested to be reliable, provided they are used correctly. Thus, by separating these low-level concerns from a user enables him to concentrate more
on application-related issues.

X.6.6 Flexibility
Flexibility is one of the major concerns associated with all pattern-based
approaches (Singh et al., 1998). Often, if a certain desired pattern is not
supported by a pattern-based system (or a similar framework), there is
no alternative but to entirely abandon the idea of using the particular
approach.
MPI (Gropp et al., 1994) is known to be extremely flexible because of
its proven applicability in solving a vast majority of parallel applications
known to us at this moment. Often, different solution strategies can be
planned in solving an application using MPI, which puts the user at complete ease. Inside the frameworks of this model, that type of flexibility
could be achieved if many of the features of MPI could be supported. That
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is the main idea behind the compositional skeleton and its associated protocol, PROT Net. The compositional skeleton with the help of its internal
protocol PROT Net can support many of the useful features of the MPI
programming model, and can be used to substitute patterns if an application demands so. Moreover, a compositional module is like any other
module from the model’s perspective, and thus can be used in conjunction
with the other patterns supported by the model. This could provide added
flexibility to the user.

X.6.7 Extensibility
As mentioned previously, lack of extensibility is another major concern
associated with most pattern-based approaches (Singh et al., 1998). Most
of these systems are hard-coded with a limited and fixed set of patterns,
and often there is no clear way to add new patterns to the system when
required.
In contrast, the architectural-skeleton approach is intended to be extensible. A couple of factors favor extensibility: (1) the generic approach
helps in setting the standard for the various components of a skeleton and
their individual functionality. It also sets the standard for pattern composition, interface and interaction. Contrast this with an ad hoc set of
skeletons, where adding anything new will only be through sheer brute
force technique. (2) The object-oriented and library-based approach favor
extensibility. Object-oriented feature like polymorphism enables new skeleton classes to be extended from the skeleton base class or from the existing
skeleton classes. In the process of designing and implementing a new skeleton, a systematic collection of virtual methods need to be filled in by the
implementer for reflecting the characteristics of the new skeleton.

X.7 Proof of Concept: Experiments and Results
Experiments were conducted to assess the system. The set of experiments
can be sub-divided into two main categories, based on performance measurement and the software quality measurement.

X.7.1 Performance Measurement
A collection of non-trivial and useful parallel applications were implemented, using both the architectural skeleton approach and direct implementation in MPI. In each case, the speedup ratio was measured with respect to the best possible sequential application. The underlying hardware
was a cluster of Sun Sparc workstations connected with a low-speed Ethernet network. Theoretically, speed-up depends on the granularity (that is,
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the ratio of computational time to communication overhead, between two
successive communication points) of an application. Significant speedup
was observed for each high granularity application (for instance: speedup
of the order of 6.5 was achieved for certain image processing algorithm,
using a cluster of 10 processors). The observed performance difference with
MPI is within 5%, which can be mainly attributed to the fact that the
skeleton-library is implemented as an extremely thin layer on top of MPI.
A detailed discussion about the experiments and the results is beyond the
scope of this paper. The interested reader can refer to the other papers
by the authors (Goswami et al., 1999a; Goswami et al., 1999b; Goswami,
2000).

X.7.2 Software Quality Measurement
A comprehensive study was performed to assess the software quality related
aspects of the system. The concept of software metrics is well established
and a variety of software metrics have been used over time to measure
the qualities of software products. In this study, some candidate metrics
for measuring software qualities, especially complexity, were collected (e.g.,
Halstead software science metrics (Halstead, 1977), McCabe’s cyclomatic
complexity metrics (McCabe and Butler, 1989)). The experiments involved
architectural skeletons, Frameworks (Singh et al., 1991), Enterprise (Schaeffer et al., 1993) and direct implementations using MPI. The study suggests that the use of skeletons significantly lowers software complexity as
compared to the code written from scratch using MPI. A detailed discussion of the study is beyond the scope of this paper. The interested reader
can refer to the comprehensive description of the work (Tahvildari, 1998;
Tahvildari and Singh, 2000).

X.8 Conclusion and Future Directions
The paper presents a generic model for designing and developing parallel
applications, and is based on the idea of design patterns. The model is an
ideal candidate for implementation using object-oriented techniques. The
object-oriented approach has been used to build an application-independent
library of skeletons, while keeping in mind extensibility as one of the major issues. Other issues of equal importance which form integral parts of
the model are: flexibility, reusability, separation of specifications, inherent
support for hierarchical pattern composition and hierarchical refinement.
The present set of architectural-skeletons supports those patterns for
coarse-grain message-passing computation which can provide good performance in a networked MIMD environment. Research is in progress to incorporate new skeletons for such an environment.
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