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Abstract
Parallel processing using networks of workstations is becoming an increasing
important area within high performance computing.
However the development of interactive data parallel applications for the environment
is currently not well supported.
This project investigates the complexities of implementing interactive data parallel
applications on a network of workstations. In particular the development of a parallel
volume rendering application that provides visual progress of the rendering will be
investigated. From the experience gained a framework is proposed to reduce the time
spent in implementing other interactive data parallel applications that require user
feedback.
From the analysis of the performance results using the framework, it is shown that
‘superlinear’ speedup is obtainable for such applications.
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1 Introduction
1.1

Overview

Parallel processing using networks of workstations is becoming an increasingly
important area within high performance computing. It is viewed favourably as it can
provide supercomputing performance, but at much less expense. With the everincreasing performance of commodity computer and network hardware, coupled with
the decreasing cost in both, the utilisation of computers on networks is viewed as a
key area in current and future parallel processing. (Das and Das, 1998; Liu et al 1999;
Meyer et al 1997; Warren et al, 1997).
Bournemouth University has a large number of powerful UNIX workstations and
PC’s. However it has been noted that these resources are often left unused for long
periods of time (especially overnight and weekends). If these computers can be used
as a single system, then the collective power can potentially offer supercomputer
performance at no extra cost.
However the development of programs for these environments requires different skills
than sequential programming and is considered a non-trivial task (Steenkiste, 1996).
Furthermore the development is far from clear, and there is no universal agreement on
how applications should be created.
Although many programming tools do exist for networks of workstations, they are not
ideal for the development of interactive graphical applications. Low level
programming tools provide encapsulations around communication, but provide little
help in the development of applications. High level tools encapsulate the parallel
computation, hiding the progress of work, and therefore providing no user feedback
until the whole problem is complete.

1.2

Aim

This project aims to develop a framework to support the implementation of interactive
data parallel applications for networks of workstations, that allow graphical
applications to provide feedback on the progress of work.
To do this the environment will be investigated, and characteristics that effect the
design of applications identified.
Using this knowledge an interactive parallel volume rendering application will be
designed and implemented for the environment, so that problems can be identified in
the creation of applications.
From the experience gained in the implementation, a framework will be created to
reduce the time required to develop similar interactive data parallel applications for
networks of workstations.
The performance of applications written with the framework will be analysed to see if
it provides similar performance to custom written applications, and how it compares
to sequential processing.
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1.3

Objectives

1) Develop an understanding of the implementation environment and how it can
effect the design and implementation of efficient parallel programs.
2) Investigate approaches to parallel programming for the environment
3) Investigate the design and implementation of a parallel volume rendering
application.
4) Identify areas in which a framework could be used to reduce the time spent in
development.
5) Develop a prototype framework to address some of these issues
6) Analyse the frameworks computational performance and usability.
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2 Implementation Environment
2.1

Overview

This chapter intends to investigate the characteristics of networks of workstations
(NOW) that effect the development of parallel applications (both problems and
benefits).
The specific architectural characteristics of the intended implementation environment
are not considered here, as the program design would ideally support a large range of
environments. However the generic network of workstations (NOW) model proposed
by Anderson (1995) has been used as it provides the best match to the intended
environment. These systems have a number of characteristics (Figure 1) that can
effect the design of efficient parallel programs and these are considered below.
Figure 1)
NOW Overview
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2.2

Multiple Instruction stream Multiple Data stream (MIMD)

This basic classification (Flynn, 1972) essentially defines the system as a collection of
independent processors, each capable of following their own flow of control,
executing their own instructions on their own data.
The parallel implementation of a problem for such an environment must be
partitioned into segments that can be executed concurrently by the separate
processors. Furthermore as each processor follows its own flow of control, some form
of synchronisation is likely to be required in the program.
Programs written for such machines can emulate all of Flynn’s (1972) classifications
by using software abstractions. This approach can reduce the complexity of parallel
program design and implementation, and the Single Program Multiple Data (SPMD)
approach is often used for Single Instruction stream Multiple Data stream (SIMD)
processing.
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2.3

Distributed Memory

The distributed memory on NOW’s is physically partitioned among the processors,
and each processor can only directly access their private local memory.
Communication is made by sending messages between processors through the
interconnection. The time required sending a message is dependent on the
interconnection but is usually an order of magnitude slower than local memory
access.
Program implementations (and therefore designs) should try to minimise
communication between processors by partitioning problems to gain the maximum
use of local memory (Foster, 2000).

2.4

Loosely coupled interconnection

The high latency of the interconnection on loosely coupled architectures like NOW’s
restricts the frequency of task synchronisation in efficient programs to a courser grain
than is possible in tightly coupled architectures (Das and Das, 1998; Leutenegger,
1997). Furthermore the comparatively low bandwidth within NOW’s restricts the
possible efficient implementation of data intensive applications to those where the
computational requirements sufficiently outweigh the time required for
communication (Steenkiste, 1996).
Squyres et al (1998) identifies that the time required to send smaller messages is
dominated by latency, while the time required for larger messages becomes linearly
proportional to the message size.
Time = latency + message size/ network bandwidth
From this they conclude that parallel programs ‘should strive to minimise the number
of communication operations, and at the same time maximize the size of the messages
sent’.
However this is not strictly true, as the communication time is only a concern to the
process if blocking communication is used or further processing is not possible until
the communication is completed (often in synchronisation). Also the message size
should not be maximised, as they have identified it increases the communication time.
However with blocking communication it can be quicker to send several
agglomerated messages in one operation as a single message, as the communication is
delayed by at least twice the latency (send and acknowledgement).
Finally, it can be better to reduce the number of communication operations, as
communication abstractions (if used) can require substantial computation in sending
messages.
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2.5

Bus Based interconnection

The bus based interconnection of NOW’s means that all computers share a single
interconnection (not switched) and therefore share the bandwidth (with further
problems for data intensive applications). Furthermore if many processors
simultaneous communicate with one another (especially massively parallel NOW’s)
the bus-based network can become saturated.
Network bandwidth can be saved if messages can be divided without remainder into
the network packets (and therefore not sending empty space). This is really only a
concern where small messages that are greatly under the minimum packet size are
frequently used. In such situations the agglomeration of the messages can result in
much less wasted space in the network packets and therefore a saving in network
bandwidth.

2.6

Non-dedicated (to parallel processing)

Where local workstation processes are not to be slowed by parallel processing, careful
dynamic scheduling and process migration (Leutenegger and Sun, 1997; Steenkiste,
1996) is required to achieve good performance (although the performance still
depends on workstation load). However the scheduling requires estimates of
workstation load and task computational requirements that are often not available to
any accuracy (Du and Zhang, 1997). An alternative and simpler approach is to only
use free machines for the parallel processing or to allow standard workstation
processes to be slowed.
For comparison parallel programs for dedicated machines can often apply static load
balancing if accurate estimates for task computational requirements are available.
Also dedicated systems can benefit from many tweaks and enhancements to the
environment that would not be acceptable on workstation orientated systems
(Anderson, 2000; Bruckdal, 1997; Kung et al, 1991). A particular category of note is
‘Beowulf’ clusters that are dedicated systems made from low cost commodity
computers and software (Hoffman and Hargrove, 2000; Sterling et al, 1998; Warren et
al, 1997).

2.7

Heterogeneous

Programming for heterogeneous systems is often seen as a key requirement in the
development of parallel programs (Das, 1998; Squyres, 1998; Steenkiste, 1996) as it
provides a much larger range of environments to run the program.
However parallel programs for heterogeneous environments have to contend with
different data representations (little and big endian for example). Programmers should
seriously consider using communication libraries to provide uniform access
(Steenkiste,1996). The task scheduling can be more complicated as each processor
can have a different computational power, and the communication latency/bandwidth
to each can vary.
In a heterogeneous environment with greatly differing architectures (e.g. mixing
MIMD and SIMD) only functional decomposition of the problem may be appropriate
as certain machines may be better suited to (or only able to process) certain tasks. In
such environments it is possible to gain ‘super-linear’ speed up (higher than the
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individual performance of all nodes) as tasks can be distributed to machines they are
suited for (Donaldson, 1994). However in general, heterogeneous environments
provide worse performance than homogenous environments (Clematis et al ,1997).
For comparison, clusters of workstations (COW) are usually homogenous
(Leutenegger and Sun, 1997) or possess only weak heterogeneity (processor’s differ
by computational power only). These environments can gain higher performance by
adapting to make use of specific software or hardware (Anderson, 2000; Chiola, 2000;
Warren et al, 1997). The optimal power available from a homogenous system is the
sum of the performance of each individual component (linear).

2.8

Summary

This chapter has investigated the characteristics of a network of workstations and
identified problems that parallel processing must take into account in order to gain
good performance. Below is an overview of the factors considered in this chapter:
2.8.1
2.8.2
2.8.3
2.8.4
2.8.5
2.8.6
2.8.7
2.8.8
2.8.9

Partitioned problem into separate sequential segments
Identify communication between tasks
Maximise local memory use
Minimise synchronisation frequency
Minimise data transfer
Minimise communication operations
Agglomerate small messages
Consider Task Scheduling (Static or Dynamic)
Support heterogeneous communication

This has provided some knowledge of the implementation environment, but the
development of parallel programs is still unclear and is considered in the next chapter.
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3 Parallel Programming Overview
3.1

Overview

This chapter aims to give a very brief introduction into the high level approaches
available for the development of interactive data parallel programs on networks of
workstations.

3.2

Sequential vs. Parallel Code

Ideally parallel code could be automatically translated from sequential code.
Unfortunately most automatic tools that convert sequential code to parallel
concentrate on finely grained computation (in particular loop parallelization).
Unfortunately fine-grained parallelism requires frequent synchronisation that has been
identified as unsuitable (2.8.4) for the networks of workstations.
Some newer compilers use subsets of languages (C without pointers or structs) to
identify course grained computation (Das, 1998), but these are still only research tools
and currently have little practical testing.
Current automatic tools only translate the sequential code into parallel equivalents
without actually ‘understanding’ what the problem is. However sequential programs
often imply control and flow constraints the are not necessary for the completion of
the problem. In many cases a new parallel approach will provide much better
performance, and at present this requires that a programmer develop a new parallel
program from the problem knowledge.

3.3

Parallel Programming Models

The development of parallel programs cannot follow the Von Neuman machine model
and ‘at present, the parallel computing community does not agree upon a unifying and
equivalent abstract model for parallel programming’ (Aggarwal and Chillakanti,
1996).
High level parallel languages exist for the development of data parallel applications.
The Parallel C++ (pC++,1994) library supports parallel programming for
homogenous NOW’s through the Parallel Virtual Machine (PVM) communication
abstraction. However the language completely encapsulates the parallel processing,
and therefore user feedback during the processing cannot be made.
Shared memory abstractions encapsulate the distributed memory and therefore
provide a desirable single system image. However efficient implementations on
NOW’s require explicit allocation of data objects and tasks to processing nodes. This
however breaks the shared memory abstraction, and is viewed by many computer
scientists as a step back from the message passing programming model (Sterling et al,
1998).
Parallel Object Orientated approaches provides a useful design approach as the
encapsulation of data and functions allows easy migration of tasks. However concern
has been expressed on the performance gained using such techniques (Parsons, 2000).
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The message passing programming model is currently a dominant and well supported
approach for parallel processing on network based multicomputers (Foster, 2000;
Ragsdale, 1991; Steenkiste, 1996). It is particular well suited for NOW’s as the model
matches the hardware functionality available and programs can therefore obtain high
performance. The model puts very few restrictions on the development of programs
and the creation of a parallel program with user feedback is possible.
Due to its dominance in current parallel processing the message passing model was
chosen for further development.

3.4

Message Passing Programming Model

With the message passing programming model (figure 2) a program is decomposed
into a set of sequential tasks (processes) that can be executed in parallel. Each has a
unique task id and encapsulated local data (private to all other tasks). Tasks
communicate by explicitly sending and receiving messages using the unique task ids.
Figure 2) Message Passing Programming Model
Message Passing Program

Loc al Memory

3.5

Mess age

Receive

Proces sor

Task M

Send

Task N

Proces sor

Loc al Memory

Summary

This chapter has very briefly reviewed how the popular programming models fit with
the development of interactive data parallel applications.
The message-passing model was chosen as it is the dominant approach to parallel
program design, and can be used to provide feedback to the user on the progress of
parallel processing.
However although a programming model has been chosen, its actual implementation
on a NOW is unclear. The following chapter investigates how and application can be
developed using this model on the university computers.
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4 Communication Investigation
4.1

Overview

The choice of communication library can drastically change the amount and type of
work required implementing a message passing parallel program. Choosing a lowlevel abstraction or working at the hardware level requires a lot of effort to achieve
the basic functionality but higher performance can be obtained as code can be
optimised for parallel processing (Chiola, 2000). Higher level abstractions provide
lots of functionality but perhaps with an overhead of code unnecessary for the parallel
processing in the environment. Furthermore applications have to be moulded to fit the
interface provided by the library, which may introduce more complexity than the
library encapsulates.
A particular concern is support in the communication library for a heterogeneous
environment (2.8.9). This is a concern as it requires significant time to implement, but
it provides a much larger number of possible environments for applications to be used
in.
An initial investigation was conducted into using remote procedural call (RPC) for
parallel processing. It was chosen as it can provide a high level abstraction to
communication and heterogeneous communication. Furthermore it is already present
on all the university computers and therefore requires no additional effort in
installation and configuring. However problems were encountered (explained in 4.2)
and therefore alternative libraries were investigated.
When considering possible libraries for parallel processing the research was restricted
to only relatively well tested software (relatively as most are still being developed).
However it was intended that several freely available libraries (MPI, PVM,
MultiRPC) obtained through the Internet would be investigated. Unfortunately the
time required for the installation of these libraries in the implementation environment
was underestimated. Problems were encountered, as the libraries required certain
facilities or functionality that were not already in place. This functionality was easily
set up in a dedicated prototype environment (only one machine), but only restricted
access was available for the intended environment and workarounds had to be
employed.
However the local area multicomputer (LAM) MPI implementation from the
university of Notre Dame was successfully installed on 16 Unix workstations and
program development investigated (4.3).
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4.2

RPC Investigation

RPC provides a high level encapsulation of
explicit message passing so that remote
processing can be viewed in the same way as
local subroutines. A client process calls a
registered procedure (possibly local or
remote) and the client is blocked until the
server has completed the procedure (see
figure 3). RPC supports communication
between heterogeneous computers by using a
standard external data representation (XDR).

Figure 3) Remote Procedure Call
Client Process
Procedural
Call

Blocked

Completed
Work

Send

Registered
Procedure

Work Return
RPC Server

Process

Finished
Procedure

RPC therefore offers a simple way in which
Registered RPC Server
remote servers can be used for processing. If
a program could be written to call several
registered RPC servers then a simple form a parallel processing would have been
created. Unfortunately with standard RPC programming (with RPCGEN) the model is
restricted to synchronous communication. This means the calling processes is blocked
until the server has finished processing the procedure and therefore the calling process
is only able to call servers sequentially. Multithreading would offer a relatively
efficient solution, but unfortunately the standard RPC implementations are not thread
safe.
Bloomer (1991) creates a distributed image processing application by forking separate
child processes for each RPC call the client parallel application intends to make
(figure 4). After each child has completed their assigned RPC call they carry out any
actions required on the result and terminate. The master receives the exit flag through
a registered call back routine and forks a new child to contact the free server. The data
is displayed by having each child processes write the data directly to a shared X
window.

Server1

Server N

Server
N+1

Child
Process

Child
Process

Server
Processing
Request
Work

Return
Work

Child
Blocked
Child Process

Update
Screen

X w indow s
Interf ace

Create
Screen

Spaw n New Child

Client
Program
(Scheduler)

Figure 4)
Distributed Image
Processing with RPC

Child Termination Callback
(Status Flag)
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Although this approach could be used to produce an interactive graphical application,
the writing of results directly to the X window is not desirable. Firstly it restricts the
graphical part of the application to an X window environment and the return data
must be appropriate for display. These problems can be avoided by having some local
inter process communication transport the data back to the parent process.
An alternative approach is to have the
user program act as both a client and
server (figure 5). The user program
makes a standard request to a server,
but is given an acknowledgement reply
and not the result. The server continues
processing the request and when
finished contacts the requesting client
who is also acting as a RPC server.
Unfortunately the implementation of a
program to act as both an RPC server
and client requires programming
below the high level abstraction of
RPC. This can be avoided by having
the server and client as separate
processes and using local inter-process
communication to transport data
between them.

Figure 5) Followup RPC
Client
Scheduler

Request Dummy
Reply
Work

Completed
Work

Work Return
RPC Server

Completed
Work

Acknow ledgment

Process Work
RPC Server

Although parallel processing with RPC is possible, it introduces complexity to the
implementation of the application. This not only effects the time required for
implementation, but also the performance of the application. It is therefore viewed
that the benefits of using the library for this project do not outweigh the complexity it
introduces to the application.
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4.3

MPI Investigation

The first message passing interface (MPI-1) was proposed in 1994 by over 40
organisations as a standard message passing interface for MIMD distributed memory
concurrent computers and is now considered the de facto standard for message
passing (Foster, 2000; Humprey and Coghlan, 1999; Squyres, 1998; Warren et al,
1997)
The standard only defines a communication interface and does not define how the
message passing is to be implemented, or even how parallel programs should use the
interface. Various implementations of the MPI-1 standard have been created, with
many making use of specific hardware to obtain higher performance. Other popular
parallel libraries (PVM) are now providing wrappers to support the MPI standard.
Programs written for the MPI can run without modification on all MPI
implementations, and therefore obtain very good portability. Also MPI
implementations can support transparent communication between heterogeneous
computers (although dependant on implementation), and support communication
between different MPI implementations through Interoperable MPI (IMPI).
Unsurprisingly the message passing interface provides the simple functionality of the
message passing programming model (and much more). The use of the MPI is slightly
more complicated than the simple message passing model shows, and a very brief
overview for some of the functionality is given in Appendix A. For a more
comprehensive introduction to MPI the reader is directed to Snir (1996).

4.4

Conclusion

The MPI was chosen for further program development as it offers an excellent match
of functionality to the message passing programming model and is extremely well
supported. The local area multicomputer (LAM) implementation of the MPI was
installed, as it was the only one that currently supported both Unix and Linux. The
importance of the library supporting Linux was so that work could be attempted on a
dedicated environment before being implemented on the restricted access university
computers. This proved a very good decision as understanding the internals to the
operating environment and library allowed workarounds to be developed for the
installation of the library on the university computers.

4.5

Summary

This chapter has investigated the two libraries, remote procedural call (RPC) and the
message passing interface (MPI). The RPC library was found to be unsuitable for use
with the message-passing model, while MPI provides a superset of the functionality,
but at an increased complexity.
Now that the development of message passing programs is clear, the design and
implementation of the interactive parallel volume rendering application can be made.
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5 Parallel Volume Rendering Design
5.1

Overview

As with the parallel programming model, there is no agreement on the design
approach to be taken, with different authors specify different steps in the design of a
parallel program (often with conflicting views). However Foster (2000) puts forward
a comprehensive approach covering reiterative stages of partitioning, communication,
agglomeration and mapping. This is used for the design of the interactive parallel
volume rendering application described in this chapter. The program design is
complicated because the goal of the program is to provide higher performance and
therefore efficiency is a factor throughout the development.

5.2

Application Requirements

The desired application is to have a graphical front end to display a 2D visualisation
of 3D data (see figure 6). The application is to support the rendering of volumes and
provide visual feedback on the progress.
Interactive Parallel Volume Rendering
Rendering Application
Processor 1

Processor 2

Processor 3

Processor N

Figure 6)

Volume rendering is a technique for visualising 3 dimensional data by computing 2
dimensional projections of the data as a coloured transparent volume. Due to the large
sizes of the volumes, the rendering and processing of data can take substantial
amounts of time and therefore a parallel implementation is desirable. However the
large size of the data provides difficulties in creating efficient implementations. For a
better introduction to volume rendering, and in particular ray casting the reader is
directed to Pawasukas (2000).
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5.3

Partitioning

The partitioning step aims to identify opportunities for concurrent execution in the
problem (2.8.1). As the proportion of sequential operations limits the maximum
potential speedup of a parallel program (Amdahl’s Law), the partitioning phase
should aim to identify as much parallelism as possible (Foster, 2000). Later stages
consider the practicalities of the implementation of the partitioning.
To simplify the application, functional partitioning is used to break the graphical
interface from the volume rendering computation. This reduces the complexity, as the
parallel code does need not be concerned with displaying data, but only in the
computation of the output image. This follows good software-engineering practices of
splitting the GUI from application code as it provides more maintainable software.
Although this appears to be a good approach it is unlikely to provide high display
performance (Frames Per Second), as the sequential I/O is likely to become a
bottleneck (Squyres, 1998; Li et al, 1997). However the volume rendering application
is not expected to achieve performance in FPS (although 1 FPS is achieved), and
therefore functional partitioning is viewed as a good decision.
The rendering computation code can be further broken down using data
decomposition. The chosen method was to partition the output image data into
individual pixels, each of which is computed by a separate ray.
Each ray requires a small subset of the whole volume to compute the output pixel, and
can be processed concurrently without communication with other rays. As the
partition has been made on the output data, as soon as a task has been completed it
can be displayed to the user.
Although alternative decomposition approaches can provide faster parallel rendering
as they make better use of local memory, they do not provide as good image quality
as ray casting (Pawasauskas, 1997). Furthermore they cannot provide instant visual
feedback of the rendering process, as the output data is often only computed with the
final task (e.g. splattering).
The chosen partitioning method creates tasks of unequal computational requirements,
as rays that pass through empty space require less processing than rays that pass
through data. This is undesirable, as static scheduling is likely to provide poor results
because the computational requirements are unknown. Fortunately the partitioning
results (in all practical situations) with a number of tasks an order of magnitude larger
than the available processors and this is identified as useful for the dynamic
scheduling of unbalanced tasks (Foster,2000; Ragsdale, 1991). Furthermore the
approach is very scalable as an increase in the problem size results in an increase in
both the task complexity and number of tasks, and therefore more processors can be
used more efficiently (larger tasks) in the computation.

Bournemouth University - BSc (Hons) Software Engineering Management - Year 2000

Richard Doyle

20

A Framework for Interactive Data Parallel Processing on a Network of Workstations

5.4

Communication

The communication step attempts to identify the communication (data or control)
(2.8.2) that is required between tasks to produce the desired output data. This step
assumes that all the tasks are being processed concurrently as the mapping of tasks to
processors is considered in the mapping step (5.6).
Each ray requires a subset of the volume data to complete the task, but requires no
communication with other rays to produce the output pixel. However the separate
pixels produced by the individual rays still need to be combined to produce the
complete output image.
A centralised collection point matches the requirement for user feedback, as results
can be displayed as soon as they are received. However this approach is not suitable
for the current number of tasks, as the sequential processing for receiving results
would represent a bottleneck (Foster, 1999, Ragsdale, 1991).
However this view is based on having processors for each task (possibly 1000’s). But
for the number of computers available in the intended implementation environment
(below 50) the centralised approach is unlikely to become a bottleneck (Ragsdale,
1991). However the efficiency depends on the relative costs of receiving the result
and executing the problem (Foster, 2000; Steenkiste,1996).
The time spent receiving the results would be minimal, with the biggest expense being
computation required for the communication (buffering messages). The current task
size is relatively small and therefore the performance is unlikely to be very high.
However by increasing the task size (see step 5.5) this balance can be changed and the
efficiency increased. Furthermore as agglomerating tasks increases the workload
imbalance, the results are unlikely to be sent at the same time and therefore the
centralised collection point is less likely to become a bottleneck
A popular alternative approach is to distribute the summation of the results between
the tasks, having each task (except first and last) wait for the image from the task
before it, and then pass the image with its pixel added to the next task in the line. The
first task just sends its output pixel to the second, and the last task notifies the
graphical user interface that the image is ready. However as the task sizes are not
equal this process could be slower than the master slave approach, as if the first task
requires longer to complete than others, the communication between all tasks would
be delayed. Furthermore as the pixels are joined to make larger images the distributed
accumulation approach requires more data to be transferred compared to the central
point approach. Finally the approach gives no feedback to the user on the progress of
the computation which is a key requirement of the application.

5.5

Agglomeration

The agglomeration step looks at whether it would be worthwhile to increase the task
size, as fine-grained computation is not optimal for some types of computers
(although by considering the task size we also consider the mapping!).
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It has been identified that fine-grained tasks are not suitable for the implementation
environment (2.8.4 & 5.4). By agglomerating multiple rays together to form larger
tasks the frequency of communication is reduced but the communication size is also
enlarged. However the current output from each task is only a single pixel and
therefore an increase would actually save network bandwidth (2.8.7).
Caution is needed as the agglomeration of tasks reduces the scalability of the solution,
as there are fewer tasks to distribute to processors. Furthermore increasing the
computational grain size also increases the likelihood of a larger load imbalance
between the processors.
Simple scan line rendering (horizontal line of the output image) was chosen as the
computation required for each line is believed to be sufficiently large enough to
reduce the communication to a acceptable frequency. But also the time required to
complete a single scan line is small enough not to represent a problem in load
balancing (i.e. all processors waiting for the last scanline).

5.6

Mapping

The final mapping step considers how tasks are to be placed on processors, and aims
to keep processors busy (using computation for the problem), while minimising interprocessor communications.
Static scheduling is where decisions are made on the distribution of data only once at
the creation of the tasks. This provides the most efficient solution if the task
requirements and machine power are known as communication is minimised.
However for volume rendering the task computation can vary and this approach
would results in unbalanced processors.
For dynamic task allocation to be effective a sufficient number of tasks per processor
need to be available. Fortunately even with the agglomeration of tasks into scan lines,
the problem still has a sufficiently large enough number of tasks per processors for the
intended implementation environment. For example for a small volume (320^3) on 50
machines there are still over 6 times as many tasks as processor. This fits in the 4 to
10 times recommended by Ragsdale (1991).
The master-slave approach was chosen to allocate tasks as it provides a simple
implementation of dynamic scheduling that has been shown to work successfully
(Allan, 1996; Cooperman, 1995; Smith and Shrivastava, 1995; Steenkiste, 1996;
Squyres, 1998). Furthermore it matches the centralised collection approach that has
already been chosen. However this has made a single task a weak link in the
application, and therefore the implementation of the application should be concerned
with the amount of computation and communication that is made on the master node.
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6 Application Implementation
6.1

Overview

This chapter is concerned with the implementation of the volume rendering
application, and discusses any major changes to the design.

6.2

User Interface

The application design does not specify how the user interface is to be created. As
discussed earlier, ideally the application would support many environments. However
the creation of graphical windowed applications varies considerably between different
operating systems.
The OpenGL Utility Toolkit from Silicon Graphics (Kilgard, 2000) was used as it
provides a high level encapsulation around OpenGL graphics, and provides programs
with a single interface for the creation of windowed applications (programs can be
compiled without change for Linux/Unix/Windows etc).
However the library adds a further complication, as with its use a non-returning
function (glutMainLoop) must be called, which starts an event processing loop that
executes user registered callbacks when required. However to implement an
interactive volume rendering application we need to receive results from the slaves
and display the graphics at the same time.
This can be achieved by creating multiple threads in the master processes, but at
present the usage of threads is dependent on the operating system. The pthreads
approach from POSIX (Portable Operating System Interface for UNIX) is common
throughout most UNIX/Linux operating systems and work is being made into
developing wrappers for other popular operating systems like Microsoft Windows
(Johnson, 2000).
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6.3

Data Distribution

The workstations may not have sufficient resources to open a whole volume (either
local disk space or memory). However the distribution of data by the master node
either requires the whole volume to be in memory, or that frequent file access is
performed (to the larger file server). As already noted the master task should perform
the minimum amount of computation and communication (maximum amount
distributed) to stop it becoming a bottleneck.
It was observed that the implementation environment has a common network file
system between all workstations. In fact all user file access is through the Network
File System (NFS). For each piece of data sent to a slave, the data has to first be sent
to the master from the NFS, therefore doubling the communication (Figure 8). Where
volume segments do not follow the contiguous nature of the file storage, many calls to
produce the volume subsection would be required.
The chosen strategy is to allow each slave to read from the NFS (Figure 9). Although
the number of messages is not reduced, the amount of data sent across the network is
reduced. Also the master is freed of the communication and computation required to
create the ray subsection, and therefore less of a bottleneck.
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Figure 8)
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from master task
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Figure 9)
Data access from
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Volume Caching

3 caching methods were used in the slaves to store the volume data required for
rendering.
a) The first approach was to access the volume as a file, and therefore required no
additional memory to be allocated to store the volume. However this results in
frequent communication with the NFS and therefore poor performance.
b) The second approach loads a segment of volume from the file server each time a
task (set of rays) is allocated. This reduces the communication with the file server, as
only one request is required per task.
c) The final approach caches the whole volume during initialisation, and therefore no
fileserver access is required during rendering. This approach will not usually be
possible where large volumes are concerned. It was primarily created to provide a
comparison of the optimal approach against the two caching techniques above.
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6.5

Task Scheduling

A basic First Finish First Serve (FFFS) approach was taken to task scheduling, as it
has been used successfully in several other master slave implementations (Allan,
1996; Squyres, 1999).
When the rendering is first started, each slave is allocated a task (if there is sufficient
tasks). Then the master makes a blocking receive, and waits for a slave to return a
result. When a slave returns a result, it is processed, and if there are further
unallocated tasks another is allocated to the free slave. If not all the required results
have been received the master repeats the cycle and waits for another result.
The work request is a fixed size structure that specifies a collection of rays that are to
be rendered through the volume. In this basic application we send a volume segment,
a ray direction and processing status flags (e.g. an terminate flag to slaves)
The result message is the image scanline number and the image data.
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6.6

Execution Model

Figure 10) shows the execution model for the application. Appendix B provides a
description of the steps in execution.
Figure 10) MPI Implementation
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Summary

This chapter has described the actual implementation of the interactive parallel
volume rendering application. Although the application has been created successfully
(performance is analysed in chapter 9.0) the implementation was a rather long
process, and it would be desirable to reduce the time required for similar applications.
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7 Problems Identified
7.1

Overview

This chapter identifies problem areas in the implementation of the interactive parallel
volume rendering application.

7.2

Complex MPI applications require significant development

The development of simple ‘Hello World’ type applications using the MPI can be
quick and simple. However the production of more realistic applications is much
more complex and deeper knowledge of the MPI is required. However it is felt that
‘learning MPI is a lot like learning a complete new programming language’ (Dietz,
1998). A particular area that was frustrating was the use of complex data structures in
communication. These are complicated to use and a significant amount of time was
initially spent trying to communicate successfully with structures. Another problem
with parallel processing using the MPI is that errors are very hard to identify.
Functions take numerous (often complicated) parameters and each parameter can be a
possible source of a problem. Also communication operations are based on all parties
joining in the communication. For point to point communication a possible error
could be on one of the two communicating (or not communicating) tasks, while with
collective communication any of the numerous tasks could be the source of an error.

7.3

Matching Send and Receive

A problem identified in the development of the application, but also identified at the
Cornell Theory Center (2000) is in the synchronisation of communication operations.
MPI is based on message passing where all parties who are participating in the
communication explicitly join in. For communication to be made successfully, the
different parties must agree on how and what communication is to take place. Failure
to correctly match communication can result in deadlock or buffer overruns and
therefore failure of the application. As the different parties cannot communicate at
runtime to match communication, the programmer must do this before hand. However
although program design is ideally completed before implementation, in many
situations the design is modified as further knowledge is gained in the
implementation. This causes problems in the development of MPI programs, as when
further communication requirements are identified, previously completed code often
has to be updated for a new approach.
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7.4

Generic Scheduling and Fault Tolerance Code

The volume rendering application provided only basic scheduling code and therefore
no fault tolerance. However the scheduling code and fault tolerance code is similar
between most applications, and therefore could be provide in generic classes.

7.5

Lack of structure

One of the goals of MPI was not to restrict the programming to a specific structure
(master-slave/SPMD etc) but to only define the communication interface. However
this makes initial program development difficult as there is too much flexibility. In the
initial volume rendering prototype the application and communication code was
mixed together. This followed the learning process that was being used to produce the
prototype, but does not provide easily understandable module code.

7.6

Summary

This chapter has introduced problems that were encountered in the implementation of
the parallel volume rendering application. It was thought that MPI requires a
significant amount of effort to develop with and its requirement for matching send
and receives caused problems. Furthermore its flexibility also provides too little
structure for application development. Generic scheduling code has been used in
many other applications, but it still had to be implemented for the application.
These issues are tackled in the following chapter
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8 Framework Design
8.1

Overview

This chapter explains what the framework has tried to achieve to reduce the
complexity in the implementation of interactive data parallel applications. An
overview of the actual framework is included in Appendix C.

8.2

Encapsulation of MPI communication operations

As identified MPI communications can be complex to use. The framework has tried to
improve this by encapsulating all the MPI communication operations into the generic
classes. This provides a further benefit of giving a more structured approach to data
parallel programming. As the communication code is separate from the application
code, the communication enhancements can be made without concern over effecting
the application code.
However the creation of MPI datatypes has not been encapsulated, and custom
complex data structures still require MPI datatype creation. The creation of the
datatypes is contained in a single file, which is shared between the master and slave,
and therefore ensures matching data structures. Projects have been made on
encapsulating MPI datatype creation, but these have not been incorporated into the
framework. AutoMap (Goujon, 1998) is a compile time tool that can be used to
generate MPI datatypes routines from the complex data structures, and AutoLink
(Goujon, 1998) is a runtime tool for creating MPI datatypes from user structures.
These would ideally be further investigated (performance results were not available),
and its inclusion with the framework could provide the datatype encapsulation.

8.3

Synchronisation of Send and Receive

One of the key benefits with the framework is that the application code does not have
to worry about matching send and receives. Through the use of the default header, the
master process can allocate any kind of task to a slave, and a slave can return any kind
of result. This greatly simplifies application development, and makes the
enhancement to applications (say loading another volume) much easier as the slaves
state does not need to be considered. However the header-data approach used could
represent a performance problem for finer grained applications (although not visible
in the performance results).
The user still has to adequately describe any custom messages they transmit and also
correctly interpret this information on the receiving processor. This would ideally be
encapsulated from the user but this was beyond the scope of this project.
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8.4

Encapsulation of Scheduling Code

The scheduling code is encapsulated in the generic master class, and therefore custom
applications only need to submit tasks using ProcessTasks or AllocateTask. The basic
FFFS scheduling approach was used, but also a Redundant FFFS (Squyres, 1999).
RFFFS only changes from FFFS when all tasks have been allocated to processors.

8.5

Unresolved Problems

The framework is primarily designed for data parallel applications that require no
communication between slaves. However communication between tasks is possible
but requires the use of MPI communication. But given that the slaves do not know the
location of other tasks (or even if they have been allocated), the communication
between slaves is unlikely to be beneficial.

8.6

Summary

This chapter explains the way the framework has attempted to solve the various
problems identified in the development of MPI applications (see chapter 7).
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9 Performance Analysis
9.1

Overview

This chapter compares the performance of the parallel volume rendering application
with a sequential implementation and a further parallel implementation using the
proposed framework.

9.2

Testing Method

Performance analysis was conducted using several version of the interactive parallel
volume rendering application:
1) Sequential application written without the MPI library
2) Custom application as described in chapters 5&6
3) Modified version of the custom application to use the framework class (the
tests were made using FFFS scheduling to match the custom application).
For each one of these the different volume caching methods as described in 6.4 were
used to obtain separate results.
All tests were run 5 times using only machines that were not in use, and the results are
the average of the best 3 times. Only the best 3 times were used so abnormal results
that may occur through the FFFS scheduling will hopefully not be seen in the results.
The sequential application was run on just one machine. The scaled performance is
the time taken for the sequential application to complete, divided by the number of
processors the scaled performance is referring to. This is viewed as the optimal
performance that can be achieved by the parallel program (linear speedup).
Speedup refers to the decrease in time compared to the original sequential application
and is defined as:
Sp(n) = Ts/Tp(n)
Where Sp is the parallel speedup on n processors, Ts is the time taken to process the
problem sequentially without the parallel processing overhead, and Tp is the time
taken to run the program in parallel on n processors.
The performances of the parallel implementations were tested on the same
environment using 1 to 16 UNIX workstations. The performance results are plotted on
graphs on the following pages.
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9.3

Performance Test Results
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9.4

Performance Analysis

Superlinear Speedup
As can be seen from the graphs, both the custom and framework implementations
provide ‘superlinear’ speedup. This at first seemed incorrect as how could an
application provide higher performance than an optimally distributed sequential
application?
However the application is functionally partitioned with a single interface on the host
machine. Only the displaying machine needs to have a desktop running (like KDE),
and to provide a windowed application for the display of results. The display task
does not complete after a certain amount of processing but acts as a constant
overhead. Machines that are used purely for data processing do not need to have any
display processes running and therefore more processor power is available.
Framework Overhead
It was presumed that the 2 messages used in the header-data communication and the
polymorphic functions in the framework would add a noticeable overhead to the
processing. Surprisingly, it can be seen from the graphs that no significant difference
could be identified between the framework and the custom application. In many of the
results the framework shows slightly higher performance than the custom application!
Inaccurate timing facilities
Problems were encountered as the volume (20mb) was rendered very quickly, and no
operating system functions existed to gain the elapsed time below a second interval.
As the volume was being rendered in less than 1 second when 16 machines were
being used, alternative time measurement techniques (stopwatch) had to be used. This
however still does not provide the accurate results that would identify small
differences in the performance between the custom and the framework application.
Master-Slave Potential Bottleneck
Using the 16 processors available the master-slave approach has not become a
significant bottleneck with any of the applications. However the speedup obtained
using the volume caching application is not as high as the speed up obtained with the
application without volume caching.
As the volume caching approach completes a task in a much smaller time than the file
caching, it is believed that the frequency of communication is becoming a problem in
the master task.
The time required to complete a task (roughly) using the cached volume can be
calculated as:
Task time = Sequential processing time for all tasks /number of tasks
46.46875 ms/task =14870ms / 320 tasks
This is actually below the minimum task size of 50ms that has been used successfully
in the Distributed Processing Library created by Allan (1995).
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Therefore the use of more than 16 machines with similar small cached volumes
should be used with caution, as the master may become a bottleneck. However if the
volume size is increased the task duration also increases and therefore the master is
less likely to become a bottleneck. Further testing is required with larger volume
sizes, which unfortunately were not available before the completion of this project.
Redundant Scheduling
In the testing a very occasional abnormal result would be obtained due to one machine
not completing its task in the normal time (interference by some outside process). The
redundant scheduling within the framework was used as a separate test, and provided
identical performance to the FFFS scheduling. However with the redundant
scheduling the occasional high results were avoided as tasks were allocated to other
machines.

9.5

Summary

This chapter has compared the performance of a framework implementation of the
interactive volume rendering application against the MPI approach and a sequential
implementation. The performance results show little difference between the
framework and the parallel implementation. Furthermore all parallel implementations
provide very good performance increases, with all gaining ‘superlinear’ speedup.
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10 Framework Conclusion
This chapter attempts to provide a conclusion on if the framework is a useful way of
creating data parallel interactive applications.

10.1 Framework Benefits
Provides high performance
From the results analysis it can be seen that for some problems the framework can be
used to gain very high performance. The benefits of running interactive applications
on such an environment gain more benefits than standard batch parallel applications
as the overhead of visual processing reduces the processing power available on the
host machine. The preliminary performance results have showed no identifiable
difference in the speed between the custom and framework parallel application, and
therefore based on these results the framework offers great potential.
Encapsulates MPI communication code
The framework does provide a higher level interface from the MPI, with all MPI
communication encapsulated within the framework. This reduces the complexity of
program design, as the complexities of the MPI do not have to be understood. The
learning time required for the framework is believed to be much lower than the
learning time for MPI.
Encapsulates scheduling
The framework encapsulates the scheduling of tasks and provides basic fault
tolerance. Even for the simple scheduling currently implemented in the framework,
this significantly reduces the overhead of making a parallel application. With more
complicated scheduling code for tasks where computational requirements are
estimable the approach will offer even stronger benefits.
Encapsulates matching Send and Receive.
Through the use of the Header and Data approach in communication the framework
provides a partial encapsulation around the need for matching send and receives. This
provides much greater flexibility as programs can expand the communication with out
regard for the slaves state.
Structured Approach
By providing a structured approach, development time is quicker as less confusion is
made in the development, and more readable code is created.
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10.2 Framework Limitations
Does not provide MPI datatype encapsulation
The framework currently does not provide encapsulation around the MPI datatypes
and therefore still requires that the developer learn some of the MPI.
Requires the learning of an additional model
As the framework provides a structured approach to programming it requires that the
user understand the structured model. Although the user’s view of the framework is
relatively simple it still requires learning.
Master Slave approach a potential bottleneck
Although the results have shown the master-slave approach to be successful for the
current environment, it is believed that it could represent a potential bottleneck for
smaller volume sizes and larger numbers of processors.
Only applicable to problems that fit the master-slave model
The choice of the master-slave approach makes the communication difficult between
allocated tasks. The framework is realistically restricted to problems that can be
partitioned into individual tasks that can be computed without communication with
other tasks.

10.3 Conclusion
The conclusion is not clear. The framework definitely offers benefits but it still isn’t
perfect. No usability testing has been completed for the project, and this would have
identified how people without internal knowledge of the framework felt about it use.
However the framework has proved itself on its ability to solve the problems
identified in the MPI implementation and maintain high performance, and therefore
meets the requirements of this project. Furthermore the framework has shown its use
by reducing the development time for the implementation of an unrelated project
(Appendix D).
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Appendix A – MPI Overview
MPI-1 contains 129 functions for both point to point and collective communication
between MPI processes, while MPI-2 is an extension with 152 functions but currently
no full implementations. Communication is based around ‘communicators’ that
contain collections of processes, each of which can be identified by their unique rank
(id) within that communicator. Three communicators are automatically created (one
being for all the processes) and further groups can be derived from these by executing
various functions on the default communicators.
To obtain the benefit of transparent heterogeneous communication the data
needs to be correctly described otherwise the automatic conversion will not be made.
MPI has the ability to send simple data types, array data types (even if not contiguous
in local memory), and complex data structures.
Point to point messages are made between two processes in a communicator
group using the processes ranks (id’s within that group) and message tags. The
message tags are integer values used by the applications to identify different
messages, and allow processes to restrict receiving messages to those of a certain tag.
There are 4 send message functions (more composites) with different buffering
employed in each and all these are available in non-blocking and blocking modes.
Blocking sends are completed only when the buffer is ready for reuse while nonblocking sends return instantly (when the buffer may still be in use) with a handle to
allow checking of the buffer state.
Collective operations provide concurrent point to point communication between
all the processes within a given communicator. Every process must execute the same
routine for the operation to take place. There are various different routines but they
mainly consist of different implementations or combinations of broadcast, gather,
scatter and reduce.
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Appendix B – Application Implementation Overview
Step 1 - Preparation 1
Firstly and not shown in the diagram (Figure 10), the communication library must be
running on each machine. How this is done is not specified in the MPI but is
dependent on the implementation. With the LAM-MPI a lamboot command is
executed with a list of processors that are to be included in the communication, which
then become the total available processors.
Step 2 - Preparation 2
When the application is to run a simple boot schema is used to map programs to
processing nodes (as created in step1). For this application a master is created on the
host node (can be created remotely but as its interactive a bit pointless), and slaves are
created on all the available nodes (optionally including the host).
Step 3 - Initialisation 1
When the master and slave programs are started, they both create and initialise their
communications. For the prototype application the default single communicator for all
processes is used, and therefore only a call to MPI_INIT is need to initialise
communicators. Further parameters are set-up to gain the task’s rank in the
communicator, and the number of processes who have joined the communicator.
Step 4 - Initialisation 2
When the communications have been initialised, the master process loads the header
information (size information) from the volume file and loads the colour map used for
rendering into memory. The information is combined into a fixed size structure, and
then sent as an initialisation message to each slave (who having been waiting since
Initialisation 1).
Upon the slaves receiving the initialisation structure, they either store the information
(volume caching a&b) or load the volume into memory from the file server (volume
caching c).
When this has been completed the master displays the user interface (GlutMainLoop),
and the slaves wait to receive a work request.
Step 5 - Render
When some user input indicates that the volume is to be rendered (e.g. key press), a
mutex is checked to see if the parallel code is currently rendering. If not then a new
thread is created to render the volume, leaving the current thread free to return control
to the user interface. The newly created thread distributes the tasks as described in
(6.4) updating the shared image data every time a new result is received from a slave.
When all the results have been collected, the processing mutex is freed and the thread
terminates. An image update mutex was originally created, but removed as only the
parallel processing thread actually writes to the image data, and the GUI periodically
renders the image.
Slaves upon receiving the work request, may need to obtain volume data to render the
scanline (volume caching a&b). This made by using the stored file information passed
during the second initialisation phase.
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Following this the slave renders the volume into an array of pixels (currently RGBA
values are stored for each pixel). The result is returned to the master, with the work
request information (as the master needs to identify the work).
Step 6 – Shutdown
Under the current implementation the termination of the application is not allowed
until the parallel processing has finished (checked with the processing mutex). If no
parallel processing is being made, then each slave is sent a default work request
structure with a message tag which identifies that it is to terminate. Following this
both the master and slave free their communication structures and terminate.
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Appendix C – Proposed Framework
Overview
This chapter aims to introduce the framework for interactive data parallel
applications.

Task Messages
The framework is based on using messages to describe tasks. The user must package
instructions on processing to be completed into a message. This can then be
transferred to a slave, which in turn executes the relevant processing as specified in
the message.

Communication
All user communication (initialisation does not follow this model) uses a fixed size
default header message and optional variable size data message. Two headers are
required in the shared communications file, one for master-to-slave messages and one
for slave-to-master messages. These tell the receiving program if there is a following
data message, how the message is being sent and the characteristics of the buffer (set
by user). Figure 11 gives an example of custom message buffer transfer from the
master program to a slave.

Slave
Program

Master Program
Characteristics

Fixed Size
Fixed Size
1) Standard Buffer Transfer
Header
Header
Characteristics

Variable
Buffer

Blocked

2) Custom Buffer Transfer

Figure 11)
Custom Message Buffer Transfer

Accepted

Variable
Buffer

For static data structures (or structures that can be set with a custom initialisation) the
characteristics of a buffer may be adequately defined by a single message tag. The
header intends to tell the receiving program what structure they need to create to
receive the message correctly.
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File Overview
Figure 12 provides an overview of the classes and files that are used to make an
application with the framework (private functions are not shown). The functions or
data structures in the custom classes printed in italics are required for the instantiation
of the class as they are specified in the generic abstract class.
For both the generic master and slave classes there are more protected functions than
shown in the diagram, as the classes are intended to be extendable through the use of
polymorphism. However for standard use, these functions are considered private and
are therefore not shown in the diagram.

Figure 12 - Framework Overview
Master Program

Generic Master (Abstract)
Generic Information

Custom master
display code
(may be
multithreaded)

Public:
InitComms()
ShutdownComms()
Protected:
ProcessOnAllNodes()
ProcessTasks(number)
AllocateTask()
RecieveRemainingWork()

Custom Master
<< Custom Information >>
Public
<< CustomFunctions >>
Protected:
ProcessResult()
SetupTask(taskID)
CommBuffer(messageTag)
CommBufferType(messageTag)

Generic Slave (Abstract)

Slave Program

Generic State information
Public:
InitComms()
ShutDownComms()
Protected:
SlaveLoop()

Communication
Structures

Custom slave
Initialisation
code

Custom Slave
<< Custom Information >>

RequestBufferDefinition
ReturnBufferDefinition
CustomBufferDefinitions

Public
<< Custom Functions >>
Protected
ProcessBuffer ()
CommBuffer(messageTag)
CommBufferType(messageTag)

For each buffertype
InitBuffer
GetBufferDataType

Generic Master
The InitComms function initialises the communications and creates separate MPI
communicators between each slave and the master.
The ShutdownComms sends a kill message to each slave, and then shutsdown the
master communication.
ProcessOnAllNodes sends a single user
specified task message to all the slaves
(Figure 13). The slaves in turn process the
message and each return a reply message.
The reply messages are processed
sequentially on the master node with the
custom master function ProcessResult. The
function gives no guarantee of the sequence

Figure 13) ProcessOnAllNodes
Slave 1
Master
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Task
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of processing or sequence of replies. After execution all available slaves will have
processed the given task (how they have processed is dependent on the slave
implementation).
This is intended for initialisation purposes, however it can also be used for multiple
instruction stream single data stream (MISD) applications.
However the current implementation of this function does not provide fault tolerance,
since if a slave were to die after accepting the task, the master would wait indefinitely
for the result.
The ProcessTasks function (Figure 14)
takes two arguments, the first specifying
how many tasks are to be processed, and
the second an optional argument specify
scheduling options. The function allocates
tasks to slaves (see task allocation), and
only returns when all task results have
been processed and the results received.
The order in which tasks are processed is
not guaranteed, and neither is the order in
which the results are received.

Master
Task1
Task2

TaskN

Figure 14) ProcessTasks
1) Task

Slave 1

1) Task

Slave 2

1) Task

Slave M

AllocateTasks and ReceiveRemainingTasks are lower level functions for task
allocation that can be used if the number of tasks is unknown. Tasks are allocated
using the AllocateTasks (possible blocking), and outstanding results (when all tasks
have been allocated) are collected using ReceiveRemainingTasks
Generic Slave
The InitComms function performs similar initialisation to the master, but only keeps a
communicator with the master.
The ShutDownComms close the communication and frees the communicators.
The SlaveLoop enters a loop that waits for task messages from the master. On getting
a task message the custom class ProcessBuffer function is called to process the task.
On completion of ProcessBuffer a result message is returned to the master, and the
slave continues in the loop. Only by getting a kill message from the master node does
the SlaveLoop exit.
Custom Classes
Both the custom master and slave classes must implemented GetBuffer functions to
return custom buffers and their MPI datatypes. These are called when a header
message is received that states that a custom buffer has also been sent (see
communication 9.3).
Custom Master
The generic master calls the SetupTask function before a task (specified by the ID) is
sent to a slave. The function is to set up the task request message to describe a task
item (see communication 9.3). If the task requires a variable custom data buffer, the
header must also include sufficient information so that the custom slave buffer
functions can allocate a correctly sized buffer (see communication 9.3)
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ProcessResult is called when a slave has completed the processing of a buffer, and a
result has been returned.
Further custom functions are required in the inheriting classes, since the generic class
does not provide any public task related functions (only initialisation and shutdown).
Custom Slave
The custom slave contains one additional function of ProcessBuffer that is called
when a task request has been sent from the master. This routine is where application
code is placed to process the task sent from the master. Before exiting the routine
return data can be specified by altering the default return header to specify a custom
buffer.
Standard Master and Slave Programs
These contain code that is not concerned with the parallel processing. The master can
include multithreading if interactive input from the user is required. The slave
program will often just create an instance of the slave class and just pass control to the
slave loop.
Communication Structures
This consists of a header file that contains the definitions of all C structures to be used
as communication buffers but also function definitions. The c file contains the actual
implementations for all the structure initialisation and MPI data type creation
functions.

Task Allocation
The task allocation revolves around a task list and a slave list. The task list is created
when the custom code calls ProcessTasks or is incrementally created with
AllocateTask. This contains a list of all the tasks that are to be processed and the state
of each. Initially a task is given the state of ‘not started’. If it is then allocated to a
processor the state is changed to ‘Processing’. If the slave returns a result the task
status becomes ‘Completed’.
With FFFS free processors are only allocated to ‘not started’ tasks, while with RFFFS
several tasks may execute a ‘Processing’ task.
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Execution Model
Figure 15 provides an execution model for the use of the ProcessTasks function. The
diagram shows only the allocation of one task to one slave for simplicity, and
multithreading in the master is not considered. Two threads are created one in the
main procedure in the master program, and the another in the slave program. The
blank arrows show the flow of control, and the named arrows show message passing.
Dotted arrows are optional control or messages for custom message buffers. The
execution of the program flows downwards, with the top being the start of the
program, and the bottom being the termination.

Figure 15) Framework
Execution Overview
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Procedure for Use
The last few pages has provided an overview of the actual framework, but has not
showed the actual use of the framework. Using the template classes parallel
processing can be obtained by adding a very small amount of code.
The development of programs can be made by following a few easy steps
1. Identify program segments that can run concurrently and independently
2. Identify the communication messages needed to describe the processing
required in these tasks, and create the relevant custom buffers. Create a
different MessageTag (ID) for each custom buffer.
3. Modify the message headers to provide adequate definitions of the custom
buffers.
Custom Master and Slave:
4. Complete the get CustomBuffer and CustomBufferDataType routines to
return a custom buffer pointer and datatype based on the description in the
header.
Custom Slave:
5. Fill in process buffer routine to provide some processing based on the buffers
received.
Custom Master only:
6. Complete the SetupTask routine to fill in the header and optional custom
buffer.
7. Create a custom master function (like StartRenderer) to call the ProcessTasks
in the Generic class with the relevant number of tasks.
SlaveFile:
8. Include an object of your custom slave, call InitComms, call the SlaveLoop,
and then call ShutDownComms. (InitComms is automatically called with
ProcessTask and ShutComms is automatically called on object termination)
Master File:
9. Include an object of your custom type and call the custom function written in
step 7 (InitComms and ShutComms are again automatically called).
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Appendix D - Case Study Analysis
An artificial neural network (ANN) was developed using the framework to highlight
the flexibility in its application.
A batch back propagation neural network as proposed by Evans and Sanossian (1996)
was constructed under the framework. This is based on creating several identical
artificial neural networks on several processes, and partitioning the training data set
between them. Each network performs the feed-forward and back-propagation for
their training vectors but the connection weights are not modified. Instead the
calculated weight updates are sent back to a central point where the average weights
for all slaves are calculated. All networks are then updated with the averaged weights
and the processing loop continues. The frequency of this synchronisation can range
from a minimum of each processor running just one training item or to the maximum
of the distributed processing of the whole training set. Figure 1, shows the
implementation of the batch ANN. Step a, is made with ProcessOnAllNodes, step b
uses ProcessTasks with FFFS scheduling, and step c reverts back to
ProcessOnAllNodes.
Training
Set

Server

Avg
Weights

Weights

Stored
Weights

Server

New
Weights

New
Weights

Weights
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New
Weights
Set A

Set B

Slave 2
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Figure
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Slave 2

Slave N

Slaves return calculated weights,
server generates average
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Its implementation in the framework requires that only FFFS scheduling is used, as
each slave keeps state information. If redundant FFFS was used a calculation for a
vector pair would be duplicated, and therefore part C the collection of results would
contain invalid information.
The network architecture was 900 inputs, 600 hidden layer neurons and 10 output
neurons. This was trained with digit recognition tests using 1920 input patterns, and
making only one weight update per pass through the training set.
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As can be seen from the graph above parallel speedup was obtained although it is
much lower than the volume rendering application. A final test was performed using a
large data set size and with 15360 digits processed per update, which on a single
machine required 2hrs and 4 minutes to complete, while on 16 machines finished in
9.38 minutes. This represents over 13 times speed increase with using the parallel
implementation.
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Appendix E – Original Project Proposal
BSc Software Engineering Management: Project Proposal
Student Name: Richard Doyle
Proposed Academic Supervisor: Jon Macey
Date: 2/10/1999
Project Title
Investigation into the development of a framework to support parallel graphic
pipelines using a Linux/Unix cluster.
Project Aims and Objectives
To develop a prototype framework for parallel graphic pipelines on a cluster of
Linux/Unix Machines.
To analysis this framework to see what benefits it brings (if any and under what
circumstances) over sequential processing.
University Computing Resources Required
3+ Linux/Unix Machines connected through a network
Deliverables
A requirements specification for the framework
A prototype framework for parallel graphic pipelines on a cluster of Linux/Unix
Machines.
A report on the frameworks performance on various algorithms compared to original
sequential times.
Outline of Method
Investigation into parallel processing and in particular cluster based parallel
processing
Investigation into graphical processing techniques, and ways of distributing the data
when they are run in parallel
Investigation in distributed computing communication
Requirements elicitation and analysis
Phased Design and Implementation
Tuning
Analysis of performance of parallel algorithms in the framework compared to the
original sequential algorithms
Evaluation of the framework
What is Distinctive honours worthy about the proposed project
As the maximum processing capability of a single conventional CPU draws closer to
its theoretical maximum, cluster based parallel processing is becoming a much more
attractive and cheap way to increase the power of computers. At present programmers
wishing to run parallel programs have to spend much of their time learning the new
environment. The framework should at least provide a quick route for a range of
graphical processing techniques.
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