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Abstract
This thesis describes a new programming model designed to provide an intuitive and efficient

way of abstracting the partitioning of distributed input data when programming large, dynamic,

distributed, parallel, computing environments. It then describes an implementation of this

model as a workflow language (Martlet) and a supporting prototype middleware, as well as

providing a range of case studies demonstrating the power of this model. Having introduced

this model and implementing language, it concludes by describing how this can be of use in the

wider scope of such dynamic environments by using just in time compilers to apply Martlet to

mainstream middleware and to improve the utilisation of Condor Pools and Clusters.

Inspired by the inductive constructs of Functional Programming this programming model

was designed to address the issue of how to allow users to write well abstracted programs in a so

far poorly explored part of a new scenario presented by Grid Computing, where the location and

partitioning of data is truly dynamic, and not under the control of the user. In this environment,

unlike previous computing environments, datasets and computing resources are routinely split

across a number of locations and organisations, and the nature of this split can often only be

determined at runtime.

While many projects have been quick to embrace the idea of the Grid Computing platform,

they have done so using the same basic programming models that they used in more traditional

environments. As such they are restricted by assumptions made in these models that are no

longer valid. These assumptions prevent programmers using the full potential of this new com-

puting platform. The specific assumption removed through the programming model presented

here is that the data is in a known and constant number of pieces when the program is con-

structed. This solves a common but often unrecognised problem in many eResearch projects,

however, this problem must be solved before eResearch can reach its full potential. This re-

alisation can already be seen in the growing number of workshops, conferences, and drives

appearing in an attempt to describe programming models for this new computing platform.
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Chapter 1

Introduction

In this thesis, we describe a new programming model designed to provide an intuitive and

efficient way of abstracting the partitioning of distributed input data when programming large,

dynamic, distributed, parallel computing environments. We then describe an implementation of

this model as a workflow language (Martlet) [59, 60] and a supporting prototype middleware,

as well as providing a range of case studies demonstrating the power of this model. Having

introduced our model and implementing language, we then describe how this can be of use in

the wider scope of such dynamic environments to improve utilisation.

Inspired by the inductive constructs of Functional Programming [12], this programming

model was designed to address the issue of how to allow users to write well-abstracted pro-

grams in the context of a so far poorly explored part of a new scenario presented by Grid

Computing [104], where the location and partitioning of data is truly dynamic and not under the

control of the user. Grid Computing is an umbrella term used to describe recent projects that

aim to enable utility computing [103], that is, to make high performance computing a utility like

other utilities such as electricity for scientists and engineers to use. In this environment, unlike

previous computing environments, datasets and computing resources are routinely split across a

number of locations and organisations, and the nature of this split can often only be determined

at runtime.

While many projects have been quick to embrace the idea of this new computing platform,

they have done so using the same basic programming models that were used in more traditional

environments. As such, they are restricted by assumptions made in these models that are no

longer valid. These assumptions prevent programmers from using the full potential of this
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new computing platform. The specific assumption removed through the programming model

presented here is that the data is in a known and constant number of pieces when the program

is constructed.

Although Martlet is currently only supported by a prototype middleware, it is trivially ported

to a wide range of middleware through the use of Just In Time (JIT) compilers. Such extensions

not only allow this work to be used with many current and future distributed Grid resources,

it also creates opportunities to use this style of programming in order to allow higher resource

utilisation when processing large jobs in environments such as the Condor pools [77] used in

many Campus Grids [126].

In the rest of this chapter, we will first examine the history and motivation of the Grid

Computing environment. Then we will describe in more detail the problem this work is intended

to solve and introduce the specific project that was first used to define this problem, along with

some use case studies from this project. We then finish the chapter with a summary of the

structure of the rest of this thesis.

1.1 A Short History

In the 1950s, it was anticipated that computing, much like other utilities, would be provided by

centralised facilities and users would just use a terminal to access these resources. However, the

processing power of the machines used as terminals increased at a substantially faster rate than

the communication networks required to support this model. This resulted in users being in a

position where the best way to get sufficient computing power for the tasks they required, with

latencies low enough to make the session interactive, was to use their terminals as standalone

computers. However, despite most users having sufficient computing power on their desks, there

remained a large class of problems that required larger amounts of processor power and storage.

These problems were run on specialised hardware, or supercomputers. As this hardware was

specialised, the cost was higher per FLOP than that of the mass-produced computers used by

most people. This made such resources the preserve of business, the military, and select groups

at research institutions.

In the late 1960s and the 70s, frustrated by the restricted access to such computer resources,

the Advance Research Projects Agency (ARPA) constructed the ARPANET to allow people to

gain access to remote computers. This was the first step back towards the original utility model
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envisaged a decade or so before. This network continued to expand, becoming the heteroge-

neous environment we now know as the Internet. The increasingly common nature of networks

linked by the Internet fuelled a new wave of development of distributed computing projects in

the decades that followed.

This new wave of research has resulted in the development of a staggering number of tech-

nologies to improve the interoperability of heterogeneous systems. By 2000, business and re-

search organisations were starting to look back on the utility model of computing in the light

of this new interoperability, and the high-speed networks that were now available. This has

led several businesses, including Sun, HP, and IBM, to attempt to construct the scalable, user-

friendly technologies required for centrally controlled utility computing centres. These attempts

have met with differing levels of success. One of the less anticipated challenges is convincing

people to change the way they work to use these resources now they’re available. With time,

however, their use has started to become more common.

People also started looking at what other resources it is possible to make available as a

utility. Such resources include datasets, scientific equipment, specialist data analysis programs,

and data storage, to name a few. To conduct experiments using such resources it is necessary

to group them together with the required computing power for the experiment. The required

complementary resources for experiments may vary greatly from experiment to experiment,

as may the resources available to fulfil these requirements. It is this scenario that causes the

drive for another model of computing, Grid Computing. Grid Computing is a model for a

decentralised, fault tolerant, utility computing service [52, 53, 94]. The main difference between

this and other utility computing models is the removal of centralised control and ownership of

a system. The intention is that virtual organisations (VOs) can be dynamically constructed

through the interoperability of independent systems owned by different real organisations. The

hope is that it will enable better collaboration on research through the sharing of computing

resources, scientific equipment and data.

This model offers potentially huge benefits to application scientists using the Grid infras-

tructure to access the resources to perform previously unthinkably complex calculations. The

interest to computer scientists lies with the complexities of building such distributed interop-

erability in a well-abstracted and functional way on an entirely new computational model. To

help encourage the development of these technologies, and the benefits they could bring, the UK

government, like many others, has under the label of e-Science, started the “UK e-Science Pro-



1.2 Scenario 4

gramme”. This is a five-year, £250 million program that has funded over one hundred projects.

These projects are working on issues such as resource allocation, job scheduling, security and

workflow languages, as well as the use of Grid infrastructure such as BOINC [2] to create super

clusters. In Chapter 2, we look at the different views that are put forward about how to imple-

ment a Grid, and discuss some of the resources that are available for creating Grid computing

environments.

1.2 Scenario

The dynamic grouping of resources and the interoperability of such resources in Grid computing

creates an interesting new scenario for computing models and the languages for handling them.

Historically data from a computation would always end up in a predetermined number of pieces,

and furthermore these pieces would normally be within the same computer system, for Grid

applications, this is no longer necessarily true. Data for a computation may be split across

many resources, both because the computation draws from many separately hosted datasets, and

because individual datasets may no longer be stored in a single piece, but span many resources.

This situation is further complicated as the size of the datasets is increasing all the time, making

it less and less feasible to move all the data to a single location for analysis. Assuming that the

dataset is too large to move to a single location, there are three options for performing analysis

on such a dataset:

1. The user determines the distribution of the dataset. They then construct analysis functions

designed for this distribution, adjusting the functions every time the distribution of the

data changes.

2. The user writes code for handling the distribution of the data into their functions, includ-

ing the code for handling errors. This adds a huge potential for user mistakes, and results

in a large increase in the required user understanding of the system. Because of the high

level of abstraction reached by most workflow languages, it may not even be possible to

describe such functions in a wide range of languages.

3. Make the language and underlying middleware capable of abstracting such classes of

problems, so allowing users to construct functions that work with arbitrarily distributed

datasets without knowing specific runtime information about the dataset in question.
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Clearly the third option is the preferred choice, however, as will be shown in Chapter 2, there are

currently no languages in this domain that provide this style of programming model. Further,

the papers Workflow Patterns [123] and Workflow Data Patterns [109], which are widely used

to rate the level of functionality provided by different workflow languages both fail to identify

suitable patterns for performing this style of programming model.

The aim of this project is to design, implement, and test a language and middleware for a

handling arbitrarily partitioned data. To demonstrate the effectiveness of the work developed

by this project, we are working with the e-Science funded project climateprediction.net [116]

(CPDN). The CPDN project, inspired by the success of the SETI@home [3] project, is using

spare computing power on desktop computers to generate a vast dataset of possible climate

predictions. To date, this is the world’s largest climate experiment, having modelled over 22

million years of climate across over 200,000 different climate models, producing terabytes of

distributed data. This dataset is generated using donated computing power in a similar manner to

the analysis performed by SETI@home. Volunteers download and run a client program on their

computer. This client program then downloads a climate model and a set of perturbed param-

eters that CPDN scientists would like to examine the effect of, and runs this model with these

perturbed parameters using any spare processor power on the volunteer’s computer. At vari-

ous points during the model’s execution the client returns a set of results based on the model’s

output.

When the results are returned to CPDN, they are stored on one of a set of upload servers.

The upload server that the results are stored on is chosen from the set of currently available

upload servers at the point that the client returns their results. The choice is made at this point

because the is no guarantee that a server chosen at an earlier point will still be available, as in a

distributed environment like this it has to be expected that servers will fail and new ones will be

added. As such the number of upload servers is not a constant, so when trying to construct any

workflow for analysing the returned data a means of handling this changing number of servers

is required. This situation is made more complex by the fact that scientists using the returned

runs will in general not want to analyse the whole dataset, but will instead want to analyse

subsets of the dataset. While these subsets will still be too big to move to a single location, the

number of upload servers spanned by these subsets can vary from subset to subset. In addition,

as this dataset is intended as a resource untrusted users will have access to, it is necessary that

the solution allows for appropriate controls over such access.
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As discussed above, the preferred situation here is that the underlying middleware would

detect this data partitioning and adjust any submitted functions appropriately. To provide a

clearer motivation for this work, we are going to use two functions that CPDN scientists would

like to perform as examples through out this thesis. These are the mean, and the singular value

decomposition. While more detail about both of these examples, and other case studies, can be

found in Chapter 5, we introduce these two now.

1.2.1 Mean

While the mean of a set of parameters within a set of models is a useful operation in its own

right, it is also an important part of many more complex operations such as the North Atlantic

Oscillation described in Chapter 5. The mean of a set of runs split into a separate distributed

pieces [x0 . . . xn1
), [xn1

. . . xn2
), . . . , [xna−1

. . . xna
) can be calculated using the equations:1

x =
Pa−1

i=0
yi

Pa−1

i=0
zi

y0=
∑n1−1

i=0
xi

z0=n1

y1=
∑n2−1

i=n1
xi

z1=n2 − n1

ya−1=
∑na−1

i=na−1
xi

za−1=na − na−1

Here, x0 through xna−1 represent the runs distributed across the a servers. The y values then

represent the local sums, while the z values keep track of how many runs are included in each

y. These partial results are then combined in the final equation to give the overall average.

These can be trivially described and executed across existing technologies and systems, if

the value of a is known. However, if the value of a changes, as is the case with CPDN datasets,

then this cannot be automatically handled; this leaves it up to the scientist to deal with this on a

case by case basis.

1.2.2 Singular Value Decomposition

The Singular Value Decomposition (SVD) is one of the more complex operations that CPDN

scientists would like to be able to perform across their dataset. This operation takes a matrix A,
1These equations assume that there will be no issues with number overflow.
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and factorises it into three matrices U , Σ and V T such that:

Am×n = Um×mΣm×nV T
n×n

where U and V are orthogonal and Σ is a monotonically decreasing nonnegative diagonal ma-

trix. The importance of this operation is that the diagonal values of Σ are the singular values of

A, and the column vectors of V are the corresponding singular vectors. So the first p column

vectors of V and values from Σ define the p dimension subspace of R
n that produces the biggest

expansion under the transformation defined by the matrix A. While it would not be realistic to

calculate a complete SVD of the dataset, as this would have a significantly larger space require-

ment than the original dataset, generating just the first few vectors provides a range of the useful

information about the nature of the transformation defined by the matrix A. In the case of the

CPDN data, this will tell us which combination of the perturbed parameters makes the most

significant difference to the climate model and the parameters sensitivity.

Again, it has not been possible with existing rough-grained or workflow languages to de-

scribe this function in a way that can be executed in a distributed environment without prior

knowledge of the distribution of the dataset. Over the course of this thesis we will show how

Martlet overcomes these problems and successfully abstracts them away from the user. More

details of the different algorithms and their corresponding Martlet scripts can be found in Chap-

ter 5.

1.3 Thesis Outline

In Chapter 2 we examine existing projects and ideas that are related to this work in the fields

of functional programming, parallel computing and distributed computing, especially Service-

Oriented Web Service and Grid Service projects.

Then, in Chapter 3 we then revisit how the new dynamic environment creates a style of

computation that is different to those met previously, before going on to examine our solution,

Martlet. Martlet is a workflow language that implements a novel programming model able to

tackle these new issues. It achieves this by using two different classes of data structures and

a set of constructs inspired by functional programming. These allow it to adapt at runtime to

differently partitioned datasets, creating an environment where users can write functions that

will be adapted to work with the partitioning of data on which they are called.



1.3 Thesis Outline 8

In Chapter 4 we discuss the specification of a Service-Oriented framework to support the ex-

ecution of Martlet programs over a distributed set of data nodes. This specification is then used

to construct a prototype Web Service based middleware. The specification and construction of

this middleware illustrates the need to address issues handled by other middleware systems, and

so leads to the discussion in Chapter 6 on how existing projects can be extended to handle this

new programming model.

Chapter 5 examines a range of real world case studies, demonstrating both how existing

algorithms can be converted to work on the Martlet programming model, and showing how,

when this is not possible, it is often possible to generate new algorithms to perform the required

functions. This opens up the interesting possibility of a whole class of algorithms just waiting

to be discovered once people start thinking in terms of this new programming model. In ad-

dition to demonstrating the descriptive power of Martlet, this chapter allows us to examine its

performance on a distributed test bed of computers.

Then in Chapter 6 evaluates this work against the other technologies discussed in Chapter 2

and discusses how Martlet might be extended to support a wider range of existing and future

systems. This discussion includes the possibility of extending the classes of constructs to allow

more complex interactions, and the construction of a partial evaluator from JIT compilers. Such

a partial evaluator would allow this middleware and language to be used in conjunction with

other Grid and Web Service middleware. We also examine the possibility of using this model

to allow better utilisation of heterogeneous computing resources where the number of resources

changes.

Finally in Chapter 7 we conclude this thesis by reiterating our main contributions are. We

then think about how these contributions fit into the area covered both by “Grid Computing”,

and parallel computing in general. We then finish with some final thoughts on how this work

is one of the steps required if distributed utility computing, under its many labels, is to break

free of the programming models used in more conventional environments and to reach its full

potential.



Chapter 2

Related Work

In this chapter, we will examine some of the existing technologies that are relevant to this thesis.

While they are discussed here, and some comments are made as to their suitability or otherwise

for this project, we will defer details about which technologies are used to inspire and implement

Martlet and its supporting middleware until the relevant chapters.

2.1 Functional Programming

Functional programming [12] as a programming model was first created in the 1950s, building

on work on Lambda Calculus, done by Alonzo Church in the 1930s. In this model programs

are pure mathematical functions, these take their input as arguments and call other pure mathe-

matical functions on parts of this to construct their output. This is repeated until the functions

become simple enough that they can return base types. As these functions are purely mathe-

matical, they do not alter state, as is the case with imperative programming; instead all values

are immutable. As there is no mutable state, there is no assignment. This also means constructs

such as while statements in imperative programming are not possible in functional program-

ming. Instead such functionality is provided through the use of recursion.

So far this discussion has listed the things that functional programming does not have, we

will now discuss what functional programming is able to gain through the loss of these features.

Because functions cannot modify any state, they, unlike functions in imperative languages,

functions in functional programming languages cannot have any side effects, as such their out-

put is deterministic. This occurs because there is a guarantee that no value used by a function

can change after it has been calculated. This means all values used in function calls with the
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same inputs are the same as all externally referenced values are immutable. Imperative lan-

guages are unable to offer this guarantee.

As there is a guarantee that there are no side effects and no state modification, the output

of the program is not dependant on the order that the program is executed in. This allows

programs to be evaluated using techniques such as lazy evaluation [70], where functions are

only computed at the point that their result is required. This also makes it possible to guarantee

that programs are thread safe.

Another distinct property of functional programs is that functions are treated as first class

variables. This means it is possible to pass functions into other functions as arguments, allowing

the construction of very generic functions.

Collectively these features allow this style of programming to describe some extremely

powerful programs. This is often achieved using only a few lines of code. So for instance a

function to reverse a list can be written in Haskell [12] as;

reverse [] = []
reverse (x:xs) = reverse xs ++ [x]

This uses pattern matching to determine which of the two clauses to execute. If the function

is passed an empty list denoted by [], this is its base case and it will return an empty list.

If, on the other hand, the function is passed an element, x, concatenated to a list, xs, it will

recursively call reverse on the list xs, and concatenate the original element x to the end of

the reversed list. An example that takes advantage of the first class nature of functions is map.

This is a function that applies another function, f, to every element of a list, and can be written

as;

map f [] = []
map f (x:xs) = (f x) : map f xs

again using pattern matching to determine between the base and inductive cases.

The properties of this programming model, including specifically recursion over lists and

functions as first class variables, inspire the data partitioning independent workflow language

(Martlet) and its associated programming model described in this thesis.
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2.2 Parallel Computing

Parallel computing [129] is one way of providing increased processing power, and refers to

computing platforms that are able to perform more than one instruction at a time. This is dis-

tinct from the various forms of multi-threaded platform where the user is given the impression

of being able to run processes in parallel, but the underlying hardware is in fact only allowing

threads to take turns using the computing resources. There are many different types of parallel

computing platform, varying from multi-core processors, to multiple processors sharing a sin-

gle memory, to multiple processors with their own resources connected by a range of transport

mechanisms. In all cases, there is a constant, known number of processors that can be synchro-

nised to differing degrees. In the latter case the transport mechanism can vary from interlinking

inside specialist hardware, to low latency switches in Beowulf clusters [117], with connectivity

structures described by many different patterns including trees, arrays, hypercubes, and rings.

These different architectures have distinctly different properties, with inter-processor commu-

nication often being a bottleneck. As such there are many different algorithms for solving a

given problem in order to minimise the effect of the restrictions on data transfer. For exam-

ple, [10, 21, 22, 23, 131, 133] are all papers describing different implementations of the same

technique for solving the Singular Value Decomposition (SVD) problem on different parallel

platforms.

2.2.1 Parallel Imperative Languages

These different and restricted platforms have led to the construction of platform-specific lan-

guages that aim to make the use of such platforms both more intuitive and more efficient. These

languages can achieve this by allowing the user to split the operations into distinct types that

the platform will perform. Such types typically would include:

parallel These are steps which are executed on each processor independently. For instance,

when multiplying a matrix by a vector, if there are sufficient processors, then each pro-

cessor will perform just one dot product. Therefore, each processor will run the same

code and the same steps, just on different data.

inter-processor These steps allow the transfer of information between processes in a user spec-

ified manner. These steps usually occur as a synchronized communication, as is the case
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in the SVD examples. This can be done via an API such as Message Passing Interface

(MPI) [113].

reduction These are steps included explicitly within the programming languages for reducing

a set of values into a single value. They tend to do this using techniques such as the

parallel prefix method [74]. However, due to the fine-grained nature of such languages,

these steps are normally restricted to just primitive operations.

Programming languages for non-distributed parallel platforms are capable of describing a

large class of algorithms, but their focus is, and will remain, performance within a very well-

defined domain. As such, these languages remain fine-grained, and rely on a detailed knowledge

of the platform they will run on. For instance the MasPar [80] language, which runs on an array

of processors, requires that every processor in the array has a unique, sequential integer, and

that the programmer includes as an attribute in the program stating the number of processors in

the array. To execute this code on a machine with a different size array requires the attribute to

be updated and the code recompiled.

Languages such as OCCAM [71, 73] and PCN [49] provide a more abstract way of de-

scribing parallel problems. These are in many ways inspired by the Communicating Sequential

Processes language algebra (CSP) [108] and as such also look much like CSP. These languages,

like their functional programming counterparts, provide a means by which users can build deter-

ministic programs. This is done through the use of provably deterministic constructs to compose

smaller deterministic components into larger deterministic components. OCCAM was designed

for programming transputer microprocessors, though there where compilers produced for other

languages, because of its domain specific nature it includes the ability to describe components

within the language. PCN, on the other hand, is intended as a higher-level language that is

used for chaining together components written in other languages such as C and Fortran. In

both cases, compiled programs are architecture specific, and need recompiling and potentially

updating when the target machine changes. From the point of view of these languages and the

aim of this project, a different partitioning of the data would constitute a change of architecture.

Yet another attempt to improve parallel programming is Sun’s latest language for scientific

computing, Fortress [1]. Fortress is designed with the intention of allowing the user to write

programs in terms of more conventional mathematical notation. This notation will then be

converted into parallel code where possible. To help facilitate this, the compiler, libraries and
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language provide fast thread spawning and mapping as an implicit construct.

2.2.2 Data Parallel Languages

First developed in the 1980s as a way of programming vector machines, Data-Parallel Comput-

ing [13] is an alternative view on the construction of parallel programs, where the parallelisation

is derived from the data structures instead of being inserted through explicit instruction from the

user. This offers a lot of promise for making programming of parallel machines easier because

data is often naturally parallel, whereas in many cases code has to be carefully crafted to make it

parallel. Early languages implementing this model of programming include NESL [14], which

has gone on to inspire other projects such as Data Parallel Haskell [29]. In these the data struc-

tures used to derive this parallelism are described in nested structures where each element in

the structure can include some parallel properties. These structures can then be automatically

flattened to produce efficient parallel code.

2.2.3 Constraint Logic Programming

Constraint Logic Programming (CLP) is implemented by languages such as Prolog. Under this

model, the programmer provides constraints describing the relationship between elements in

a data structure. From these constraints, new constraints that provide useful information can

be derived. These new constraints are found by searching the space described by the original

constraints and any intermediately discovered constraints.

This searching can be split up into individual parts that can be run in parallel. There is work

on solving such problems within a distributed heterogeneous environment [83], and methods

for communicating partial results. This type of language is thus far poorly addressed by the

community, and there may be potential here to describe problems with a high level of abstrac-

tion, thereby allowing them to adjust to the available environment with ease. However, even on

a single processor, this model does not perform well when handling numerical problems such as

the ones we intend to address in this thesis. As such languages using this style of programming

are out of scope and will not be examined further.
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2.2.4 Coordination Languages

Coordination languages [56] are a means of separating concerns between the communication

and coordination parts of a program, and the data processing parts. There are two ways they

can be implemented.

One is to take the form of a programming language in its own right. Such a language

merely makes a cleaner separation between the code that the programmer needs to change if

the underlying architecture changes, and the code that performs the actual algorithm. Work-

flow languages such as those discussed in Section 2.5 are good examples of such coordination

languages, as are the languages used to control programs in Virtual Shared Memory systems.

The other approach is to created parameterised skeletons [39, 40] of common patterns.

These can then be parameterised with the appropriate code for the process, allowing the com-

piler to merge the two parts to create a program for the given architecture. Then if the program

needs porting to a different architecture, the compiler can substitute in different code for the

skeleton, so yielding truly portable code. This also allows for the construction of accurate tim-

ing profiles for each architecture. This of course comes at the cost of the level of description

available when compared with the first option.

2.2.5 Virtual Shared Memories

Virtual Shared Memories (VSM) are a means by which parallel programs can be constructed

without having to be aware of the structure of the hardware that they are going to be exe-

cuted on. Instead, the programs just add and remove key value pairs from the VSM, and the

middleware/compiler-constructed code deals with the data transfer. This allows for easier con-

struction and management of distributed data and distributed data structures, at the expense of

having code that is hand crafted for the architecture that it is going to run on. This can be over-

come with differing degrees of success by clever compilers, but there is potential for serious

performance issues.

With such programming environments, the language used is normally a language such as

C, Java, Fortran, or Python, with additional constructs added to handle the passing of data.

Because these languages all implement more traditional programming models and the VSM

hides entirely the distribution of the data, using this model it is very hard to construct programs

that will adjust to the distribution of an unknown number of pieces of data.
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Examples of the coordination languages used to harness VSMs are Linda [111] and Par-

adise [110], which then run on top of middlewares such as NetWorkSpaces [112] or Piranha [110],

when operating in an environment such as a network of computers, otherwise they use architec-

ture specific compilers to add the code to handle these additional requirements.

2.3 Distributed Computing Models

The ability to take advantage of potentially many remote computing resources and datasets in

addition to any local resources, coupled with the growing speed of networks, makes distributed

computing an appealing aim for many large projects [19]. In this section we will examine a

range of different models for distributed computing before examining some of the technologies

available to implement these different models in the next section.

Remote Procedure Calls The simplest form of distributed computing first started in the 1980s

with Remote Procedure Calls (RPC) [35], and these are still the underlying basis of many other

middleware, implementing different styles of distributed computation. With RPC, the raw data

is passed in full as a message to a procedure on a remote computing resource. The result is

later returned in the same fashion. This has advantages in that it is simple to implement, and

is practical for small datasets where the latency of the communication medium is a significant

part of the communication time. However, as the size of the dataset increases, this method of

distributed computing becomes impractical. Examples where this is used include actions such

as sending email, and HTTP requests.

Distributed Computing with References An alternative approach that alleviates this prob-

lem is to pass a reference to the data instead, as supported by WS-Addressing [20]. This can

then be used to reference the data and retrieve directly just the required parts. In its simplest

form, this reference only points to the location where the data can be found; however, the ref-

erence can be extended into a handle that contains metadata as well. Adding handles to the

processing side of the computation makes it possible to keep track of the data as a process acts

it on. This removes the need to perform a synchronisation every time the data is altered. This

approach not only helps overcome some of the issues related to data size, it also allows the

construction of Object Brokers such as CORBA [89] and RMI [119]. Object Brokers allow the

programming models used in Object Oriented Programming to be extended to work over dis-
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tributed computing resources and are used for applications ranging from telecommunications to

distributed databases to booking systems.

Service-Oriented Architecture While middleware implementing Object Brokers can be very

well engineered, and have on occasion been very successful, experience has shown that often

they encourage the user to create programs that are too closely coupled, often with disastrous

effects when components within the system fail. This has led to Service Oriented Architecture

(SOA) or Message Base Architecture to be put forward as an alternative model. This is the style

implemented by databases using SQL for remote queries. Under this model, it is preferable to

keep state in the messages themselves, instead of relying on stateful client server connections.

This means that if a service becomes unavailable, it can be replaced dynamically with another

service, and the execution continues as before. The key differences between this and RPC

are the conceptual view about where state should occur, and that while RPC is only a request

response model, SOA is able to have a far more diverse and powerful set of interactions between

resources. This is used to chain together separate systems such as stock control and the back-

ends of many web sites.

Grid and Utility Computing One newly popular style of distributed computing, using vari-

ations on an SOA model, is utility computing [103]. In this model the user submits a job to a

system, then all the allocation of computing power, storage, and other resources, will be done

dynamically at runtime and their results will be returned to them at a point in the future. All

they will have to do is pay for the resources that they use, in a similar manner to other utilities.

This leads to the vision of Grid Computing as a decentralised fault tolerant utility computing

service [52, 53, 94]. The main difference between the Grid and other utility computing models

is the removal of centralised control and ownership of a system. The intention is that virtual

organisations (VOs) can be dynamically constructed through the interoperability of indepen-

dent systems. The aim is to facilitate better collaboration on research through the sharing of

computing resources, scientific equipment and data.

The implementation of such a system creates a new set of challenges, which makes the Grid

starkly different from other existing distributed computing models. These challenges include

creating a set of standardised specifications that can be implemented by different organisations

to enable inter-organisation job submissions and security, and decentralised resource brokering
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and scheduling. A range of models have been put forward for to implement such a system, along

with some middleware attempting to implement these models. Exactly how far this model

can go is currently the subject of much research and discussion with projects ranging from

monitoring jet engines to high energy physics to the humanities.

2.4 Implementing Distributed Computing

To implement the wide range of different models for distributed computing there is an equally

wide range supporting technologies, and in this section we will examine some of these.

2.4.1 Representational State Transfer

Representational State Transfer [46] (REST) was first developed between October 1994 and

August 1995. Originally referred to as the “HTTP Object Model”, it was later renamed to

avoid confusion with implementation models for Web servers. REST then continued to be

iteratively refined over the next five years. Fundamentally, it is a set of architectural constraints

that attempt to allow the construction of low latency, highly distributed, reliable systems. The

biggest example of a REST system is the World Wide Web.

REST does not constrain the components within the system; instead, it constrains the con-

nections that are possible between resources. So for example the four verbs in HTTP that are

implemented by all components are GET, POST, PUT and DELETE. Resources are then iden-

tified by Universal Resource Identifiers (URIs), and it is up to the implementer to determine

what their responses will be to each of the four options. This freedom allows an otherwise

extremely restrictive system to have many heterogeneous components. Such systems vary from

servers returning static content, to scientific equipment returning data, to functions performing

analysis on data. While the resources can have state, the client server connections themselves

are stateless. This greatly simplifies reasoning about any event in the system.

The main advantage of REST as a style of communication is its simplicity and proven scal-

ability, allowing for the creation of large heterogeneous systems. In addition, as it does not

mandate the use of verbose technologies like XML, it can have a much smaller overhead than

other more prescriptive technologies. The disadvantage of this model is that, as an interaction

should consist of only a single operation, accessing a resource requires all the relevant infor-

mation to be encoded into a URI, making it hard to define clean interfaces to allow the loose
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coupling of components, this often results in fragile constructions where components cannot be

easily changed.

2.4.2 Web Services

Web Services are one of the latest ideas for distributed computing. As with all popular buz-

zwords, exactly what a Web Service is depends greatly on who you ask, with answers varying

from its just a remote procedure call made using SOAP, to resources made available on the In-

ternet using a stateless SOA [52]. There is much debate as to whether Web Services should be

stateless [38, 69, 96], and what exactly it means for a service to be stateless.

For this work, we take the view that a Web Service is any resource made available using

SOAP. In addition, we take the view that a Web Service application should be constructed in a

loosely coupled manner in line with the SOA principles. We will also, where possible, ensure

that our services are stateless; however, if it becomes impractical to maintain this stance due to

the data intensive applications such as the ones presented in this project we will be prepared to

weaken it.

Using the wide variety of developing technologies, many models have been suggested for

constructing Grid applications through the use of Web Services, these include the Open Grid

Service Architecture [52, 100] used in the Globus Toolkit 3, the Web Services Resource Frame-

work [38] used in Globus Toolkit 4, the Web Services Grid Application Framework [96], and

Asynchronous Service Access Protocol (ASAP) [106]. In addition to these models, there are

groupings such as Web Services Interoperability (WS-I) [91] and WS-I+ [8] that define sets of

Web Service protocols such as WS-Context [26] and WS-Security [7] that they argue all service

which want to be fully interoperable should implement.

We will now examine some of the core technologies used to implement Web Services, then

in later sections we will examine some of the mentioned models for building on these.

SOAP

SOAP [125] is a simple, extendable message protocol described using XML. Because of its

XML construction and its simple, extendable structure it is very popular for platform indepen-

dent distributed computing such as Web Services. SOAP messages consist of distinct parts

including:
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• The SOAP envelope. This consists of a header and a body to contain the message. The

body contains the data to be transmitted. It is possible to store in the body nested addi-

tional SOAP messages as well as more traditional content. The header describes what the

receiving party should do with the message, including the following two items.

• A reference to the definition of the encoding used to serialise this message data into

SOAP.

• A reference to the RPC definitions for the case that the receiving party is expected to

perform an RPC on the message.

Because of SOAP’s extensibility and popularity among distributed computing projects, es-

pecially Web Services, a wide range of extensions providing additional functionality for many

different applications have been developed [7, 26, 64, 78, 114]. SOAP is extremely descriptive,

however, its XML base results in the major drawback that the messages are very verbose. While

not a serious issue for small messages, where network latency is a more significant component

of the total communication time, for transporting large amounts of data the encoding, decoding

and transportation of such messages can become unfeasible [33].

Web Service Description Language

Web Service Description Language [34] (WSDL) is an attempt to formalise an XML-based

interface description language to describe the inputs and outputs of Web Services. WSDL is

a good first attempt, and has allowed the creation of a wide range of tools that take a WSDL

document and produce a stub for binding to Web Services. In addition, a range of tools have

been developed to automatically generate WSDL from the code used to support Web Services,

or from other mediums such as UML [66]. This makes the construction of WSDL fairly painless

for the simpler Web Services.

While WSDL has unquestionably made it easier to bind to Web Services, and has opened

up the possibility of automatic binding, it does have two key weaknesses. First, it is unable to

describe interaction patterns that are more complex than a simple request-response. Secondly,

WSDL is unable to describe all of the structures that can be sent using SOAP. This occurs

because, while it is able to describe abstract types, WSDL does not support multiple super types.

So while it is possible to write encoders, decoders and SOAP for transmitting structures built

using design patterns such as the composite design pattern [44], it is not possible to describe
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this in WSDL if any type in the structure are required to extend two separate super types. In

addition, any type that is derived from a class implementing an interface has to have its interface

replaced by an abstract class, containing just abstract methods in order to be described using

WSDL. While these weaknesses can be overcome by unpleasant hacks, this situation is far from

ideal for a technology whose major selling point is the transparency it creates between different

components.

SOAP Service Description Language

The SOAP Service Description Language [92, 93] (SSDL) was suggested in 2005 as an al-

ternative to the WSDL, with the aim of solving some of the problems with WSDL as well as

encouraging a message orientated approach to Web Service interactions. Unlike WSDL, SSDL

is built with the explicit assumption that it is describing interaction carried out using SOAP as

the medium. As such, instead of describing the interface that the message will be sent to, it

describes the SOAP structure of the message its self. In addition to this change, it also allows

for message interactions to be described using a range of higher level descriptions including a

small subset of the Communicating Sequential Processes language [108] (CSP). These changes

allow the documents to be both clearer and more descriptive, however at the current time there

are very few tools supporting SSDL, but it is too early to tell if it will be widely used, or if

WSDL is just too dominant.

Universal Description, Discovery and Integration

The Universal Description, Discovery and Integration protocol [86] (UDDI) is the current stan-

dard used by registries of Web Services. It is used to provide a level of indirection between the

services and the client wishing to use the services. This can be thought of as analogous to the

role of DNS within the Internet. It is, however, more powerful than DNS, because instead of

just allowing a client to resolve a name to an endpoint, it allows clients to search for a set of

endpoints that offer equivalent services.

UDDI simplifies the development of production code, as the only change required when the

code goes live is the UDDI server that the service uses. In addition, it is another step in the

direction of automatic discovery and linking of Web Services [28].
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Axis and Tomcat

Apache Axis [5] and Apache Tomcat [6] are open-source projects run by the Apache Software

Foundation. Tomcat is the Servlet container used in the official releases of Java Servlet and Java

Servlet Pages. Axis is developed from the Apache SOAP Project, and runs as an application in

a Tomcat container, providing a SOAP container for the deployment of Web Services. Together,

these two projects aim to provide the best-of-breed Java Web Service container, and have thus

far proved to be a highly stable and well-featured platform on which to deploy Web Services.

Supported features include the ability to auto generate WSDL, client side stubs, and the ability

to chain Handlers within the container such that all messages to the service must pass along

this chain of Handlers. This allows features such as security implementations, the format of

messages, and the transport mechanisms to be adjusted without altering the core service. This,

coupled with its open source nature, has resulted in this platform being used by a vast number

of both Web Service and Grid projects.

.NET

.NET [36] is Microsoft’s multi-language platform, which among its properties has a trivial

means to deploy C# functions as Web Services. It also supports all of the complementary func-

tions that you would expect from a full-featured platform. Its main drawback is that currently

the only fully supported implementation is produced by Microsoft, and is therefore tied to their

operating system and business model. There is some support for .NET on other platforms,

most notably the Mono [82] project, which has developed powerful tools for supporting .NET,

somewhat alleviating such concerns. However, they are still unable to offer all of the library

functions required for true interoperability.

2.4.3 Asynchronous Service Access Protocol

Asynchronous Service Access Protocol(ASAP) [106] is one model for handling the potentially

large times between tasks being started and completing, without having problems caused by

connections being interrupted or timing out. Under this model, everything is referenced through

the use of URIs and all service calls are asynchronous. First, the user calls a factory service

to construct an instance of the service they would like to execute, this returns a URI to the

constructed service. Once the service is constructed, the user then makes another asynchronous
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service call to start this service. This second call includes an observer URI that references a

user service that will be called when the invoked service terminates. In addition to this, there

is another URI that the user can use if they wish to poll their job. This provides a very neat

and effective way of managing a long running remote service; however, as it only addresses this

issue, it needs complementing with other protocols to represent a complete solution.

2.4.4 Web Service Grid Application Framework

Web Service Grid Application Framework [96] (WS-GAF) is the name of a philosophy put

forward in a paper in 2003 by the North East Regional e-Science Centre (NERESC). This had

the aim of opening up discussion on the direction the Grid community was taking and whether

it could better align with the direction already taken by the Web Services community. The ideas

introduced in this paper were then followed up by another paper [95] in 2004, presenting a range

of suggested design patterns for security and interoperability.

Their argument is that there is a huge amount of work being done by the Web Services

community to produce protocols and supporting tooling for Service Oriented Architectures.

The Grid community then uses these underlying technologies to take advantage of existing

resources. However, the community failed to observe where the Web Services community is

heading. As a result, they fail to think about future interoperability with Web Services. This

has led them to augment specifications such as WSDL with additional tags that are required for

Grid Services, resulting in the tooling constructed by the Web Services community for these

technologies becoming incompatible with the Grid versions.

In addition, while Web Services are stateless, used by many people, and tend to be deployed

for extended periods. Many Grid Services had publicly visible state and these where being

deployed and disposed of frequently. This was due to an alternative view where each service

is used by specific groups of people. Therefore, each different group would have their own

instantiation of the service and state. It is argued that this state and associated ability for the user

to create and dispose of services, while not forcing an object-oriented style of programming,

does encourages such a style. An object-oriented style can then lead to a too closely coupled

construction that hinders efforts to allow Grid applications to be deployed with ease across

different organisations.

NERESC suggested solution to these problems is instead of modifying the technologies

produced for Web Services, to build an application framework on top of these technologies. In
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doing so, the binary choice between Grid and Web Services will be removed. This will then

allow the creation of new services that use take advantage of both Grid and Web Services using

workflow languages like BPEL [4].

Probably the most contentious element of this philosophy is the removal of state from ser-

vice connections. While it is simpler and more stable not to have state within the service con-

nections, and they offer a couple of scenarios demonstrating alternatives to stateful connections

it is not clear whether it is feasible to extend these to all data intensive grid problems, or whether

you will just end up making the state in connections harder to spot and, there in, harder to reason

about.

2.4.5 Web Service Resource Framework

Web Service Resource Framework [38] (WS-RF) design was published in 2004 in response to

the WS-GAF paper offering a different view on how Grid Services can be constructed in an

interoperable way with Web Services. This paper argues that by refactoring the existing Grid

Service infrastructure it is possible to have state without breaking the Web Service model. They

aim to achieve this through the construction of separate entities called Web Service Resources

which hold the state of the system. These will be created, used, and then disposed of. This

moves the previous creation and disposal of Grid Services into a separate entity, creating a much

cleaner separation of concerns. However, it is arguable that this still encourages the wrong style

of programming to be adopted for such an environment.

The paper proposes to achieve this aim by integrating a range of proposed protocols and

technologies, including WS-ResourceProperties [62], WS-ResourceLifetime [114], WS-Renew-

ableReferences, WS-ServiceGroup [63], WS-BaseFault [78] and WS-Notification [64]. Among

the projects which are aiming to implement this model are the WEDS [37] project, aimed at en-

abling distributed simulations, and the Globus Toolkit 4 (GT4) project. The GT4 project is

being implemented to replace Globus Toolkit 3, which was one of the main projects targeted for

criticisms by the WS-GAF paper.

2.4.6 Globus

The Globus Toolkit [47] (GT) is probably the biggest publicly available Grid middleware project,

with an impressive set of sponsors including DARPA, the U.S. Department of Energy, NASA,

the UK e-Science program, Microsoft and IBM. The Globus Toolkit aims to provide base mid-
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dleware for a wide range of high performance Grid computing projects. Their attempts to pro-

duce this middleware have resulted in a range of slightly different architectures [38, 48, 52, 53]

over the last decade. The latest release, GT4, is based on WS-RF and built on top of a range

of existing open-source products including Jakarta Tomcat, Apache Axis and OGSA-DAI, us-

ing where possible existing Web Service technologies. This, however, has not always been

the case, with the earlier versions, while containing core elements of other technologies, they

where incompatible with these other technologies. This caused Globus to be forced to develop

separately and it was this type of incompatibility that prompted NERESC to write the WS-

GAF paper. These incompatibilities have also existed between different versions of the toolkit

making it hard for projects developed using the Globus toolkit to develop as the Globus toolkit

does.

To support their aim of providing generic middleware for such a wide range of projects,

Globus have attempted to construct a wide range of solutions to almost all of the different

issues facing Grid middleware [51]. As a result, it is arguable that Globus’s biggest problem is

that they have tried to do too much to quickly, so have been unable to effectively observe the

different solutions in order to determine how best to amalgamate then into a single package.

This has resulted in their middleware in the past becoming unsustainably heavy and complex.

This, in turn, has required that they review and in many ways start over again periodically,

resulting in many versions. While this has almost certainly resulted in the quality of the Globus

toolkits improving immensely, it has also resulted in lots of projects that have tried to use a

given toolkit as a supporting middleware suddenly discovering that the toolkit they are using

and dependant upon is no longer being developed or maintained.

At the time that this project started, WS-GAF had just been published and the replacement of

GT3 had been announced. However, with no implementation of GT4 and no concrete indication

that this version would be any more long-lived than previous versions, it was not possible to

use Globus. The first release of GT4 was made in April 2005, with two more incremental

releases since. This version would appear to be more mature than previous versions, with better

interoperability with Web Services. Hopefully, this will give it the strength to stand the test of

time and reduce the risks for people deciding to use it.



2.4 Implementing Distributed Computing 25

2.4.7 Open Middleware Infrastructure Institute

Started in 2004, the Open Middleware Infrastructure Institute [90] (OMII) is a group based at

Southampton University which works in collaboration with a large number of groups in the

UK e-Science program, including groups at the National e-Science Centre and Manchester

University. They have three main aims:

• To provide a single repository containing all the middleware produced by the UK e-

Science program. This middleware will be evaluated and comprehensively documented

in relation to its function, usability, and reliability.

• To provide a point of focus from which to guide the UK e-Science program such that

groups can work together to produce middleware that has a greater degree of interoper-

ability.

• To provide a tested and well-maintained package of middleware drawn from the work of

the UK e-Science program. This should consist of reliable components that are packaged

such that they are easy to install and use.

It is the third aim that is of most interest to this project. They are currently on their second

major release, which appears to be stable and usable. As such, people are starting to use this

middleware for more advanced grid projects. The software stack, like so many others, is built

on top of Jakarta Tomcat and Apache Axis. On top of this, they have a range of pluggable

modules that provide services such as file transfer, security, dynamic deployment of processes,

support for workflow languages such as BPEL, and user management. All of these are based

on middleware constructed elsewhere and integrated in. There is a risk, as happened with the

Globus Toolkit, that this work will become too heavyweight and lack interoperability. While

some have raised concerns over the size of the OMII package, thus far OMII seem to be avoiding

this pitfall.

When we started, the OMII had not reached their first release yet. As such, it was not

possible to build on their middleware. However, the work described in this thesis deliberately

maintains conceptual compatibility to ensure that we have not closed off the option of migrating

to the OMII middleware at a suitable moment in the future.
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2.4.8 Berkeley Open Infrastructure for Network Computing

Berkeley Open Infrastructure for Network Computing [2] (BOINC) is an open source software

package designed by the team behind SETI@home [3]. Taking their experience with volunteer

computing gained through the SETI@home project, they have produced a pluggable infrastruc-

ture that handles job and client management, data transfer, scoreboards, server installations, and

client software for projects that conform to the same model as SETI@home. All a project wish-

ing to take advantage of volunteered computers has to do is produce plugins that encapsulate

their jobs and any required graphics eg. a screensaver, and the code they would like to run on

the computers. This makes using such a model very easy, and currently there are about a dozen

projects, including CPDN, using this platform.

2.4.9 MONET

Launched on the 1st of April 2002, the MONET [121] project was a two-year investigation into

the use of the Semantic Web to provide mathematical Web Services. The aim of the project

was to attempt apply the latest ideas for creating a Semantic Web to the world of mathematical

software. This was attempted using sophisticated algorithms to match the characteristics of a

problem to a combination of the advertised capabilities of available services, and then invoking

the chosen services through a standard mechanism. The hope was that the resulting framework

would be powerful, flexible, and dynamic, putting state-of-the-art mathematical resources at the

disposal of users anywhere in the world.

To achieve this aim, it was decided that they would try to build the middleware framework

out of existing and emerging technologies such as SOAP, WSDL, OWL, and UDDI. The mid-

dleware framework for this project is constructed from three main pieces.

• The Web Services that provide the mathematical functions. These are augmented with

an XML document that describes the service, using the Mathematical Service Descrip-

tion Language [27] (MSDL). This document provides sufficient information to allow the

broker to match appropriate services to clients requirements.

• The MONET Broker [32] keeps track of the available services and handles requests for

functions from clients. When it receives these requests it composes available mathemati-

cal services to construct a service to perform the requested function.



2.4 Implementing Distributed Computing 27

• The Mathematical Object Manager [79] which is responsible to storing the data structures

required for the computations. These data structures are indexed with URIs. Both the

clients and the services are able to use the object manager.

A typical use case for these components is as follows:

1. Mathematical services register their availability with the broker, using MSDL to describe

the services they provide.

2. A client wishing to perform a function locates the broker using UDDI or some other

out-of-band technology.

3. The client registers any required data structures with the object manager, receiving URIs

with which to reference them.

4. The client submits a query. The broker then constructs a range of possible ways that this

query can be performed. These are returned to the client.

5. The client chooses the way they would like to have the query executed, which the broker

then performs by contacting the required services registered with it.

The middleware produced by the MONET project is aimed at exploring the possibilities of

the Semantic Web, using data structures that are stored in a single piece. As such the middle-

ware produced is of limited use to CPDN. However, the architecture is designed to support the

construction of dynamic functions at runtime, as a result it has the potential to provide a signifi-

cant insight into the type of architecture that may be require to solve the data analysis problems

faced by projects like CPDN.

2.4.10 Condor

The Condor research project [77] has been running at the University of Wisconsin-Madison

for over eighteen years now and is one of the most successful and widely used distributed

computing projects to date. The project was inspired by the observation that most desktop

computers use only a fraction of their computing power, and as desktop computers became

more and more powerful, this wasted computing resource was becoming ever more valuable.

Taking these observations on board, the Condor project aims to enable users to take advantage

of this wasted processor time. They note that in such an environment the potential for high
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performance computing is extremely limited, and instead the important focus is high throughput

computing. That is that the important feature of any system running is such an environment is

that it keeps all the processors busy as much of the time as possible. For these reasons, Condor

has been nicknamed “the cycle scavenger”.

To take advantage of this spare computing power the Condor team has constructed clients

to run on a range of machines and operating systems with potential spare processing power.

These clients detect when a machine is idle and advertise using a ClassAd [102] for compute

jobs for the machine to do during this idle time. Machines running clients are grouped into a

pool with a job submission server for users to submit jobs to. These jobs each also support a

ClassAd which describes the resources needed for that job. A Matchmaker then compares these

adverts with the adverts from the resources and submits possible pairings to both the job and

the resource. If the pairing is mutually acceptable, they both inform the matchmaker that they

have been claimed. The job will then be sent, complete with any data files that are not natively

available to the claiming machine.

Condor supports a wide range of features, including the ability for jobs to take regular check

points to protect against failure of the host machine, the rerouting of I/O to the computer the

job was submitted from, and the ability to span many networks. If a machine ceases to be idle,

then the current job will create a checkpoint and either, be shifted to another available machine

in the pool, or back onto the scheduling server to wait for another machine to become available.

An important feature of the Condor architecture is that the client and job decide if they are

appropriate for each other, so the a large chunk of the scheduling computation occurs on the

claiming resource. This is important because it means that every time a new machine is added

to the pool, it brings with it the computing power required for the scheduling. This improves

the scalability, allowing pools to contain many thousands of machines without overloading the

matchmaker. In addition it allows machines and jobs to choose matches that best suit them, so

improving the throughput.

Condor is for the most part a very sophisticated batch system capable of managing resources

that range from Unix clusters to office workstations running Windows. As Grid computing has

become more popular, they have also extended their work with the Condor-G [54] project.

Condor-G is Condor augmented with the required handles to allow a Condor pool to register

with an instance of the Globus Toolkit as a Grid resource.

Condor is an extremely powerful and well-developed distributed computing solution used to
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great effect by a large number of organisations. However, its design is not suited to CPDN data

analysis for two main reasons. Firstly, it transfers the data to the computing resource, instead of,

where possible, choosing the compute resource to minimise the requirement for data transfer.

This does not fit very well with the CPDN model where the data is widely distributed, and in

many cases, the analysis is expected to be data oriented. Secondly, as it is designed to handle

jobs where the data is in a known number of pieces, it does not contain any means of adjusting

functions to handle arbitrarily distributed data at runtime. This means that such information

would have to be included on a case-by-case basis into any submitted workflows. It would not

be possible to include this information within the individual applications as it this would result

in the Condor attempting to bring the entire dataset to a single location. The impossibility of

this was the reason that the dataset was originally distributed. Because of the mature and well

featured nature of Condor, and the fundamental level at which some of these problems occur,

adjusting it to overcome these problems would almost certainly require too much knowledge of

the internal workings of the system.

2.4.11 Styx Based Projects

The Styx protocol [16] is a communications protocol used by operating systems such as In-

ferno [97]. Originally developed at Bell Labs, Styx is a variant of the 9P protocol that was

developed for the Plan 9 operating system. In many ways Styx is just like a network file system;

however, the critical difference is that with Styx all resources, not just files, are represented

using the interface for files. This is somewhat similar to the ideas put forward in REST to make

binding heterogeneous elements together to construct distributed systems much simpler. Using

Styx, it is possible to mount resources from remote systems as if they were a local resource and

then read from these resources as required.

The ability to mount resources in this way has been used by a group at the Reading e-Science

Centre to produced middlewares based both on Inferno [17], and directly on Styx [98]. These

middlewares are able to take workflows constructed with Taverna [87] and execute them using

Styx components wrapped in Web Services. The Styx components allow data to be seamlessly

streamed between services as required. The action of streaming data in this manner allows data

to be transferred efficiently in its native format, and allows the potential for components later in

the workflow to start processing the data before components before them have completed.

This middleware looks to be extremely powerful, and Styx is likely to become an extremely
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useful tool in the future of distributed computing. However, the current middleware is not

suitable for CPDN style projects for a range of reasons, some of which have come up many

times before. It has no support to handle natively operations where the data is split into an

unknown number of pieces. It makes all data structures immutable after creation; this would

result in the data structures becoming too big, as a complete copy is required no matter how

small the change is, and finally, as with many of the other projects examined, these middlewares

move data to the computation instead of moving the computation to the data.

2.4.12 Self Adapting Middleware

While we have talked about many projects that lack the ability to adapt to their input, there is a

range of middleware systems that offer some ability to adapt the way that they are going to run

at runtime. These middlewares have mostly been developed by numerical analysis projects and

are designed to adjust to squeeze best performance out of the heterogonous hardware that they

can be deployed on.

To do this they use a range of techniques; one of these is to include additional system

parameters in function calls. These system parameters control the way that the function executes

so for instance changing the block size in some numerical methods to ensure that the blocks fit

in the processor cache. The value of these parameters can be determined through a suite of

tests at install time, as is done with ATLAS [128], ATCC [122], BeBOP [124], and LFC [31].

Additionally, the middleware can keep information from previous invocations and use this to

determine the best values for the parameters, as ATCC, BeBOP, and LFC do.

Another technique used by the NetSolve and GridSolve [130] projects is to, as with Web

and Grid services, have a directory of services that perform a particular task. Then, through

monitoring the performance of these services with different types of input data, it is possible to

dynamically decide which of the available services is best to use for a calculation on the basis

of the input data in addition to all the usual parameters used for scheduling.

Dynasoar [127] is a prototype middleware, developed to test the dynamic deployment of

services at runtime, in a Service Oriented Architecture. This, unlike the other techniques men-

tioned, was not done to improve the performance of numerical analysis algorithms, but to de-

couple the connection between the production of code for services, and the computing resources

used to execute these services. This makes the architecture far more dynamic, and allows for

scenarios such as researchers to placing online code for services they have developed but can-
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not support, their code can then be run on generic computing resources provided by someone

else, elsewhere. This complements the more common scenario of reducing the amount of time

cluster nodes spend installing new software, and allowing services to be placed closer to the

data they are using.

2.4.13 Other Web Service and Grid Projects

The e-Science initiative, both in the UK and worldwide, has produced a huge number of

projects, making it impossible to enumerate them all. However, to give some insight into some

of the styles of project, we are going to conclude this section by examining a selection of them.

• One common class of project aims to federate existing computing and storage resources

so that they can be accessed through a single interface. By doing this, they hope to make

such resources better utilised and more widely available. This style of interface would

also make it easier for research bodies to provide large amounts of computing power for

their members. Examples of such projects operating on different scales and in different

areas of both science and the world include DataGrid [55], EGEE [43], TeraGrid [84],

PlanetLab [72, 99], the UK National Grid Service [85] and GridPhyN [9].

• Mirroring the above, are projects that aim to make large, distributed, heterogeneous

datasets available to the wider scientific community. An example of such a project is

the NERC Data Grid [75]. To achieve this aim these projects aim to interface with new

and existing datasets, and to then provide a single interface on top of them all. This should

allow users ranging from people analysing small datasets on a single machine, to people

taking advantage of Grids of many clusters to use this data without having to worry about

different data stores and their individual interfaces.

• Projects like myGrid [101] and ISPIDER [11] represent the union of these two styles of

Grid project. These aim to simplify the construction of rough grained analysis of infor-

mation split across many datasets, using computing resources provided in many locations,

providing helpful interfaces and features missing from many of the current scripted solu-

tions such as province [25]
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2.5 Workflow Languages

Workflow Languages and their supporting middleware are the means by which users are able

to extend the functionality of existing services without submitting native code to servers. They

allow the users to combine both existing local and remote services to produce new services with

extended functionality. There is a huge number of workflow languages in existence created by

a wide range of projects, with a wide range of focuses from the control of scientific simulations

to the integration of business Web Services. These languages are designed to work with a wide

variety of computation resources, data resources and scientific equipment.

Although there is a large selection of languages capable of interacting with a wide range of

middleware, they all address a similar programming model. This restricted scope is highlighted

by the pair of papers, “Workflow Patterns” [123] and “Workflow Data Patterns” [109]. These

papers define a set of patterns of workflow constructs and data interactions, which are widely

used by the workflow community to measure the level of functionality provided by different

languages. However, with all the patterns presented, the assumption is made that the data is

going to be in a single piece. As a result, this programming model, and these patterns do not

work with the data and environment presented by CPDN, where it is not known until runtime

how many resources the data is split across. This shortcoming in views is further shown by

another widely used paper to define problems with workflows, “Web Service Composition -

current solutions and open problems” [115], which again fails to observe this newly arising

issue with such dynamic environments. Because of this, none of the currently available work-

flow languages are suitable in their current forms to satisfy the requirements of CPDN, or any

other project that removes the static constraint on the partitioning of data that existed in more

traditional distributed computing.

Of the extensive range of workflow languages available, most of these came about because

so many projects started at the same time in response to e-Science programs started both in the

UK and abroad. As a result, most of these workflow languages were constructed for projects

that required a basic workflow language at a time when there were no fully functional and

supported languages available. While this has been great for the generation of ideas, it has also

resulted in a lot of ground being covered many times by different projects. This will inevitably

mean that a large number of these languages will fall by the wayside, leaving a small number

of better-supported languages like the ones discussed in this section.
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2.5.1 Business Process Execution Language

Business Process Execution Language [4] (BPEL) is an extremely well-featured and popular

workflow language designed, as the name suggests, for integrating business services to create

new services and features. BPEL engines are included in many packages, such as OMII and

GT4, and there is a large family of languages that extend BPEL with new features, like the

ability to include snippets of Java code within BPEL scripts [15]. Scripts are written in XML

and this, coupled with the level of feature, leaves BPEL open to criticism for being too verbose

and hard to use without powerful tooling. In addition, while very useful for creating workflows

involving a few hundred services, which is ample for most business applications, there can be

issues of scalability for some scientific workflows. However, this is probably more a result of

the business focus of the BPEL engines and the parsing of the verbose scripts than the language

itself.

2.5.2 Abstract Grid Workflow Language

Abstract Grid Workflow Language (AGWL) [45] is an XML-based workflow language devel-

oped to provide a set of high-level compositions ranging from parallel and sequence to

switch, for and parallelForEach, which can be used to hide from the user the under-

lying complexities of operating in a Grid environment. To achieve this, the user writes their

workflow in AGWL using the provided compositions to compose atomic calls to, underlying

services, and other AGWL workflows. The compositions and the atomic services used contain

the name and type of the task, along with abstract identifiers for any input and output of the

operation. At runtime this is compiled into a workflow described in Concrete Grid Workflow

Language (CGWL), automatically adding in the information that was missing form the AGWL

workflow, such as the bindings of the variables, the transfer of data, and the resources that the

task should be submitted to. The CGWL workflow now contains all the information that was

missing from the abstract workflow and can be executed on an underlying workflow engine. As

the user never sees the CGWL workflow, all the low-level work is effectively abstracted from

the user, leaving them just to think about the workflow they would like to construct.



2.5 Workflow Languages 34

2.5.3 Virtual Data Language

The Virtual Data Language [65] (VDL) is another XML-based language. Its construction was

started by the Grid Physics Network [9] project as a workflow language where the user is not

required to include the locations of the files and operations they wish to describe. Instead, they

just use abstract names for these values. These abstract names are then resolved at runtime by

a workflow engine catalogue such as the GriPhyN Virtual Data System [50] (VDS), formerly

Chimera. This package includes the Pegasus workflow scheduler [42]. Pegasus is able to take

a VDL workflow with resolved abstract names and schedule it into an XML Acyclic Directed

Graph (DAG) that can then be passed to Grid management tools such as Condor’s DAG-Man.

These tools are then able to execute the function described by the DAG before returning the

results to the user. The many layers of indirection allow large amounts of this middleware to be

used in a wide range of projects, with just the lower layers being adjusted to suit the different

environments. This has allowed it to not only be used to run workflows on a large number of

Condor pools, but also with projects such as TeraGrid [84].

2.5.4 Taverna and Simple Conceptual Unified Flow Language

Simple Conceptual Unified Flow Language (SCUFL) and Taverna [87] are a language and tool

for constructing functions in this language. They were developed by the myGrid project [101]

in response to the lack of open source tooling for graphical construction of workflows appropri-

ate for BioInfomatics, and are now used with a range of middleware. Together they provide a

user-friendly front-end for scientists, capable of handling a wide range of computing resources

and data stores. There are a range of workflow engines capable of handling SCUFL workflows,

including Freefluo produced by myGrid and Styx based projects produced by the Reading e-

Science centre.

2.5.5 Triana

The Triana project [120] at Cardiff University is one of two test-bed applications for the EU-

funded GridLab. It started out as a workflow-based graphical problem-solving environment

developed to provide interactive analysis tools for analysing gravitational wave data. It now

consists of a set of pluggable components that are independent of any specific problem domain.

These can be used to construct graphical clients supporting both existing workflow languages
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and new workflow languages as they are produced. These components are capable of interacting

with both Grid resources and Web services, and have already been used to construct clients for

a wide range of languages including VDL for use with PPARC and clients for myGrid and the

Styx-based projects mentioned earlier.

2.6 Google and MapReduce

Google is one of, if not the, world’s biggest civilian user of distributed computing power. In

order to make their operation more efficient, they have constructed a range of in-house technolo-

gies. These technologies have benefited over other projects from working in the more restricted

scope provided by Google, and as a result, have achieved some impressive results. Of these

technologies, one that is particularly related to this thesis is the MapReduce framework [41].

MapReduce was created independently at the same time as Martlet, with the aim of sim-

plifying programming on clusters. This programming model shares the observation that it is

possible to dramatically reduce the complexity of parallel programming through the use of

functional programming. The reduction in complexity is achieved by using the constructs pro-

vided within the framework to hide all the error handling and data transfer code, in much the

same way that workflows do. However, in addition to hiding this code, it also hides the code for

splitting the data from a single resource across many resources, process replication to analyse

this data on the different resources, and for merging these pieces of data back again once the

computation has completed.

Under this programming model, users first specify a function called Map to be mapped

onto the input data. This function takes a list, and outputs a list of key-value pairs. They

also specify a function called Reduce that is mapped onto the sorted output from the first

mapped function, merging values from this output that share the same intermediate key into

a single value. The types of these two operations are (value1) -> (key2, value2)

and (key2, [value2]) -> value3 respectively, with the supporting infrastructure do-

ing the transformation between the type of the Map function output and the Reduce function

input. It should be noted that the user specified Map function used here is different to the Map

function in functional programming that is used to apply the function to the input data.

In addition to these two functions, the user must also specify the natural numbers M and R

and a function Split to define how output from the Map functions is to be split into the inputs
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for the Reduce functions. The choice of values for M, R and Split depend on a range of issues

including how many machines the analysis is going to occur on, the nature of the data and the

ease with which the computations can be separated.

When invoked, a program goes through the following steps, an outline of which can be seen

in Figure 2.1.

1. The required input data is split into M lists of values.

2. For each of the M lists of values a Map function is scheduled to be run on a machine on

the cluster. This can be thought of in functional programming terms as the Map function

being mapped over a set of data. While it is possible to have enough machines so that

there is only one job per machine, having more jobs than machines is recommended as

it allows more efficient scheduling of jobs both in heterogeneous environments and when

tasks have varying execution times.

3. The results are then distributed using the function Splitinto R pieces on the basis of their

key values. An example of a typical Split function is key mod R. Once this stage has

completed all, key value pairs with the same key will have been migrated to a single point

for reduction, regardless of how many individual map functions generated them.

4. Each of the R sets of intermediate results then has the user-specified Reduce function run

on it independently. In functional programming terms, this is another map. This does

mean that it is not possible to perform parallel-prefix style reductions [74].

5. The R pieces are then concatenated back together to produce the final result.

For this entire process the user is required only to specify M, R, the Map function, the Re-

duce function, and the Split function. At no point is the user required to know anything about

distributed programming, as the underlying framework handles all this. The current framework

used by Google is built using a C++ API, on which users call methods to set the operating

parameters and execute. In addition to this framework, there are open-source APIs written

in other languages available. Google’s framework works in conjunction with the Google File

System [57] (GFS) which supports data stored across many thousands of machines in a fault

tolerant way, while providing an abstract single point of access. The integration of the MapRe-

duce scheduler and GFS allows most Map functions to be scheduled in such a way that they are
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Figure 2.1: Outline of a MapReduce using three workers for the Map phase and two workers
for the Reduce phase.
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executed on the computer holding the data, and the output from Reduce functions to be added

to the file system without moving data. Using this technique, it has been possible to write in

under 50 lines of code functions that can Grep a terabyte of data in two and a half minutes, and

sort a terabyte of 100 byte records in less than 15 minutes, using just commodity hardware [41].

While this work is impressive, there are issues, which do not affect the clusters of computers

used by Google programmers, but do make such an approach inappropriate for the scenario

presented by the wider field of distributed utility computing.

• This model of computation is unable to support algorithms for performing functions such

as the singular value decomposition used in our case study. This restriction is caused

because instead of the second phase being a true reduction such as a parallel prefix, it

is another map; while it is possible to chain together many MapReduce’s to achieve the

desired result, the abstraction of the complexity is being weakened by such a change. As

such, it would be better to have a more descriptive model to start with. The lack of a more

extensive model is probably the result of the restricted scope within which Google work.

• The existing model is limited by the bandwidth of its supporting network, even in an

environment such as a Google data centre. This is a situation that will only get worse in

the more distributed, loosely-coupled environments we are working with.

• Users are submitting C++ code to be executed. This is fine if the users are sufficiently

trusted and limited by immutable data structures or some kind of sandbox. However,

for resources that are intended for much larger audiences the potential for abuse with

native code becomes much higher. As such, it is desirable to have a workflow language

wrapping known functions to prevent such abuse.

2.7 Summary

This chapter has introduced a range of existing and developing technologies for distributed

and parallel computing in its many forms. These collectively provide both inspiration and

a foundation for the work in the rest of this thesis, as well as demonstrating the difficulties

currently faced when trying to use existing models to address the problem introduced and solved

in this thesis.
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In Chapter 6 we will compare some of the more relevant technologies mentioned here with

the programming model, language and prototype middleware described by this thesis. We will

then consider how best to integrate the work presented in this thesis into existing projects.



Chapter 3

A Distributed Programming Model

In this chapter we will first reiterate the problem, and why existing languages are unable to

address this problem. We will then introduce and examine Martlet [59, 60], a rough-grained

workflow language that implements a programming model able to overcome this problem and

which has the potential to provide a more intuitive way of describing parallel programs.

In Martlet, like many other systems, the execution site and the location of the data are

abstracted from the function. However, in Martlet, the splitting of the data is also abstracted.

This additional abstraction allows Martlet programs to adjust as the distribution of the dataset

changes without user intervention.

3.1 Example Problem

As discussed in the introduction, the average temperature of a given set of returned models is an

example of where the level of abstraction described in this thesis is required. If this data spans a

servers, the calculation can be described in a way that could be used for distributed computing

as:
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x =
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yi
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i=0
zi

y0=
∑n1−1

i=0
xi

z0=n1

y1=
∑n2−1

i=n1
xi

z1=n2 − n1

ya−1=
∑na−1

i=na−1
xi

za−1=na − na−1

Where x0 through xn−1 represent the runs distributed across the a servers in the pieces denoted

[x0 . . . xn1
), [xn1

. . . xn2
), . . . , [xna−1

. . . xna
). The y values then represent the local sums, and

the z values keep track of how many runs are included in each y. These partial results are then

combined in the final equation to give the overall average. Each of these computations could

occur on a different computing resource.

To write this such that it is properly executed in parallel with an existing workflow language,

the user first has to determine the number of servers spanned by their data subset; only once this

value is known can the workflow be written, and if the value of a changes, the workflow must

be rewritten. The only alternative is for the user to construct code to handle restructuring the

calculation to match the segregated data. It is not a good idea to ask this of the user, since it

adds complexity to the system that the user does not want and may not be able to deal with, as

well as adding a much greater potential for the insertion of errors into the process. In addition,

workflow languages are not usually sufficiently descriptive for a user to be able to describe what

to do with an unknown number of inputs, meaning it is not possible just to produce a library for

most languages. This problem is removed with the model implemented by Martlet, as it makes

such abstractions a fundamental part of the language.

3.2 Programming Model

To explain this programming model in detail we are going to examine Martlet, a language

produced to implement this new model. Martlet supports most of the common constructs of

existing workflow languages; in addition to these constructs, it also has constructs inspired by

inductive constructs of functional programming languages [12]. These additional constructs,

coupled with a new class of data structure, implement a programming model where functions
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are submitted in an abstract form, and are only converted into a concrete function that can be

executed when provided with the partitioned data structures at runtime. This hides from the

user the parallel nature of the execution and the distribution of the data they wish to analyse.

We chose to design a new language rather than extend an existing one to implement this

model, because the widely used languages are already sufficiently complex that an extension

for our purposes would quickly obfuscate the features we are aiming to explore. Moreover, at

the time the decision was taken, there were no suitable open-source workflow language imple-

mentations to adapt. It is hoped that in due course the ideas developed in this language will be

added into other languages.

3.2.1 Data Structures and Functions

The abstraction that the functionally inspired programming constructs provide is built on two

classes of data structure: local and distributed. Local data structures are just like data structures

that appear in standard languages. While they can be moved between machines as needed, they

are always stored in a single piece at a single location. Distributed data structures, on the other

hand, are split into a number of pieces spanning a number of machines, where the partitioning

and distribution remains hidden from the user at all times. Abstractly distributed data structures

can be thought of as a list of local data structures that, with a suitable concatenation function,

can be converted to a single local data structure. Obviously, the concatenation function will

change from situation to situation. For example, a distributed matrix is a list of matrices, which,

if concatenated together in the order they appear in the list, would produce a single matrix

equivalent to the distributed matrix. This is very similar to the structures now being created for

the Data Parallel Haskell project [29]; however, as discussed in Chapter 6, Data Parallel Haskell

is aimed at programming more conventional parallel machines.

The functional constructs then use this abstraction to construct workflows where the number

of pieces that the data is partitioned into is not specified. This is achieved by constructing base

cases and inductive cases that can be applied to local data structures. Then at runtime, when

the partitioning of the data structures is finally known, the abstractions can be replaced with

constructions based on these cases for local data structures. This provides a concrete workflow

that is appropriate for that particular partitioning of the data.

Using this model, the distributed average problem looked at in Section 3.1 can be written in

Martlet as the program in Figure 3.1, taking the distributed matrix A and returning the average
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// Declare URI abbreviations to improve the script readability
define
{

uri1 = baseFunction:system:http://cpdn.net:8080/Martlet;
}

proc(A,B)
{
// Declare the required local variables for the computation. Y
// and Z are used to represent the two sets of values Yi and
// Zi in the example equations. ZTotal will hold the sum of
// all the Zi’s.

Y = new DisMatrix(A);
Z = new DisInteger(A);
ZTotal = new Integer(B);

// The base case where each Yi and Zi is calculated, and
// recorded in Y and Z respectively. The map construct results
// in each Zi and Yi being calculated independently and in
// parallel.

map
{

matrixSum:$uri1$(A,Y);
matrixCardinality:$uri1$(A,Z);

}

// The inductive case, where we sum together the distributed
// Yi’s and Zi’s into B and ZTotal respectively.

tree((YL,YR)\Y -> B, (ZL,ZR)\Z -> ZTotal)
{

matrixSumToVector:$uri1$(YL,YR,B);
IntegerSum:$uri1$(ZL,ZR,ZTotal);

}
// Finally we divide through B with ZTotal to finish computing
// the average of A storing the result in B.

matrixDivide:$uri1$(B,ZTotal,B);
}

Figure 3.1: Function for computing the average of a matrix A split across an unknown number
of servers.
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in a column vector B.

3.3 Syntax and Semantics of Martlet

In this section, we examine the syntax and semantics of Martlet with examples, a complete copy

of Martlet’s grammar can be found in Appendix A. Since this language was developed for large

scale distributed computing on huge datasets, the data is passed by reference. In addition to

data, functions are also passed by reference. This means that functions are first class values that

can be passed into and used in other functions, allowing the workflows to be more generic.

URIs are used to allow the global referencing of both data and functions. The inclusion of

these in scripts would make them very hard to read and would increase the potential for user

errors. These problems are overcome using two techniques. First, local names for variables in

the procedure are used, so the URIs for data and passed functions need to be entered only when

the procedure is invoked. This means that in the procedure itself all variable names are short,

and can be made relevant to the data they represent. Second, a define block is included at the

top of each procedure where the programmer can add abbreviations for the parts of the URIs of

function calls. This works because the URIs have a logical pattern set by whom the function or

data belongs to and the server it exists on. As a result, the URIs in a given process are likely to

have much in common. When these abbreviations are used later in the script they have to have

a dollar sign on either side. This is done to prevent unintentional substitutions.

The description of the process itself starts with the key word “proc”, followed by a list

of arguments that are passed to the procedure, of which there must be at least one due to the

stateless nature of processes. Finally, there is a list of statements in between a pair of curly

braces, much like C. These statements are executed sequentially when the program is run.

3.3.1 Statements

All statements exist within a scope. At the start of the function this scope contains just the

variables that are passed into the function as arguments. This scope can then be augmented

with additional values when new variables are created. These new values will remain in scope

until the function execution leaves the statement encompassing the create statement. As a result,

it is not necessary to pass arguments from one statement to another, as statements are able to

draw their input and output parameters from the scope they are executed in. This is the same as
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in most imperative languages.

There are two types of statement: normal statements and expandable statements. The differ-

ence between the two types of statements is the way they behave when the process is executed.

At runtime an expand call is made to the data structure representing the abstract syntax tree.

This makes it adjust its shape to suit the set of concrete data structure references it has been

passed. Normal statements only propagate the expand call through to any children they have,

where as expandable statements will adjust the structure of the tree to match the specific dataset

it is required to operate on.

3.3.2 Normal Statements

As the language currently stands, there are seven types of normal statement: sequential com-

position, asynchronous composition, if-else, while, temporary variable creation, declaration of

constants, and process calls. The set of normal statements was deliberately restricted to just

those required for chaining together rough-grained functions, such as those provided by the

Climate Data Analysis Toolkit [24], that the project chooses to provide. This was done, as the

intention was to make the CPDN data available to the public. As a result, the submission of

finer-grained code would not be appropriate; however, there is a discussion in Section 6.2.3

about how to weaken this restriction if Martlet where to be deployed in a more trusted environ-

ment.

Sequential Composition is marked by the key word seq signalling the start of a list of state-

ments that need to be called sequentially. Although the seq keyword can be used at any point

where a statement would be expected, in most places sequential composition is implicit. The

only location where this construct is really required is when the user wants to create a func-

tion in which a set of sequential lists of statements are run concurrently by an asynchronous

composition. An example of this is shown in Figure 3.2.

Asynchronous Composition is marked by the key word async and encompasses a set of

statements. When this is executed, each statement in the set is started concurrently. The asyn-

chronous statement terminates once all the sub-statements have returned.

In order to prevent race conditions and the associated undesirable behaviour, it is necessary

that no process in an asynchronous statement uses variables concurrently with another process
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async{
seq{

f1(A,B,C);
f2(A,B);
f3(B,C);

}

seq{
f4(D,E);
f1(D,E,F);
f3(E,F);

}
}

Start

f1(A,B,C) f4(D,E)

f2(A,B) f1(D,E,F)

f3(B,C) f3(E,F)

Finish

Figure 3.2: On the left, Martlet code using seq statements to run two sequential lists of opera-
tions asynchronously. On the right, a diagram representing the workflow described by the code
opersite.

that writes to them. This would normally be enforced by the middleware at either compile time

or runtime depending on when it is first detectable.

if-else and while are represented and behave the same as they would in any other procedural

language. There is a test followed by a list of statements. As there are currently no boolean

values in Martlet, they evaluate one or more tests on ordered sets, and then use boolean logic to

merge these into a single result.

Temporary Variables can be created by statements that look like

identifier = new type (identifier);

The identifier on the left hand side of the equality is the name of the new variable, The type on

the right is the type of the new variable, and the identifier on the right is a currently existing

data structure used to determine the level of parallelisation required for the new variable. For

example if the statement was

A = new DisMatrix(B);

this would create a distributed matrix A that is split into the same number of pieces as B. The

type field is required as there is no constraint that the type of A is the same as the type of B.

This freedom is required as there is no guarantee that a data structure of the right type is going

to appear at this stage in the procedure. This was the case in the average function in Figure 3.1.
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seq{
seq{

f1(A,B);
A = new Matrix(B);
f2(B,A);
f3(A,C);

}
f4(A,C);

}

Figure 3.3: In this example f1 and f4 use the identifier A that is in scope at the start of the
function. f2 and f3 on the other hand use the identifier A that is created after f1 has executed.

Constants are always local, as it is not possible at submission time to know how to split a

distributed constant. This is not a significant restriction, as they can just be included inside

expandable statements when a copy is needed for each part of a distributed data structure. Their

syntax is very similar to that of temporary variables, as shown.

identifier = const type (description);

The main difference is that instead of taking another data structure as a parameter, it takes a de-

scription. This description is the same as the description used when instructing the middleware

to construct a data structure outside of a function. So for example to construct an integer the

description would just be the value that the integer is going to take.

Scope of Variables and Constants Variables and constants created in this way will be in

scope for all statements proceeding the construction statement and still within the statement

encompassing the construction. If the identifier A has the same value as an identifier already in

scope for the function, then the newly created identifier will hide the previous identifier from all

statements after the construction and still within the statement encompassing the construction.

An example of this can be seen in Figure 3.3.

Process calls fall into one of two categories: those statically named in the function and those

passed into scope by a reference at runtime. Both appear as an identifier and a list of arguments.

However in the static case, this identifier must be a URI, whereas in the case of a function

passed into scope, it must merely match an identifier in the functions scope.
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3.3.3 Expandable Statements

There are four expandable statements: map, foldr, foldl and tree. These fall into two

categories. The first category just contains the map statement, which is used to apply a function

independently to each of the separate local data structures contained within a distributed data

structure. The other category contains reduction operations, which describe functions that take

a set of distributed data structures as input and produce a set of local data structures as output.

This includes both folds, which work with accumulating parameters, and tree, which performs

a parallel prefix style reduction [74]. Each statement has an obvious functional programming

equivalent. As expandable statements do not propagate the call to expand through to their

children, and they must have been expanded before the function can be computed. This means

that on any given path between the root and a leaf of the abstract syntax tree, there must be at

most one expandable statement.

map is equivalent to map in functional programming, it takes a function f and a list, and

applies this function to every element in the list. This is defined in Haskell below:

map f [] = []
map f (x:xs) = (f x):(map f xs)

An example of map, and the corresponding unexpanded abstract syntax tree is shown at the

end of this paragraph. Map in Martlet encompasses a list of statements and takes no arguments.

This is because unlike Haskell where map is a function, in Martlet it is just a statement. This

allows the passing of information to be handled differently. In the Martlet map statement, f1

and f2 are implicitly joined in a sequential composition to create the function that will be

applied to each local data structure in the distributed data structure. The Haskell definition

represents this by the passed value f. In Haskell, because values are immutable it is necessary

to explicitly pass values in and out of functions; however, as they are statements in Martlet, this

is not necessary, as variables are implicitly passed as a result of the statement’s scope. This

allows the list to be represented by the distributed values A and B. This means, while in Haskell

it would be necessary to wrap the lists into a list of tuples to pass in and out of a map function,

Martlet is able to hide this complexity.
map
{
f1(A);
f2(A,B);

}

map seq

f1(A)

f2(A,B)
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async

seq

f1(A1)

f2(A1, B1)

seq

f1(A2)

f2(A2, B2)

seq

f1(A3)

f2(A3, B3)

Figure 3.4: The abstract syntax tree for the example map statement after expand has been called
setting A = [A1, A2, A3] and B = [B1, B2, B3].

When this is expanded, it examines the distributed data structures it has been passed and

creates a copy of these statements to run independently on each local data structure in the dis-

tributed data structure as shown in Figure 3.4.

Due to the use of an asynchronous statement in this transformation, no local value that is

passed into the map statement can be written to. However, local values created within the map

statement can be written to, as an independent copy of each of these will be constructed for each

instance of the function.

foldr is a reduction operation that takes a list, a function f and an accumulator parameter.

Starting from the right hand side of the list and working left it applies f to each element of

the list and the accumulator parameter, storing the result in the accumulator parameter. This is

defined in Haskell as:

foldr f e [] = e
foldr f e (x:xs) = f x (foldr f e xs)

This means that the elements of a list xs = [1,2,3,4,5] can be summed by the statement;

foldr (+) 0 xs

which evaluates to

1+(2+(3+(4+(5+0))))
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seq

seq

f1(A3, C)

f2(B3, C)

seq

f1(A2, C)

f2(B2, C)

seq

f1(A1, C)

f2(B1, C)

Figure 3.5: The abstract syntax tree after the foldr example has been expanded, with the dis-
tributed data structures A = [A1, A2, A3] and B = [B1, B2, B3], and the local data structure C

as an accumulator parameter.

Foldr statements are constructed from the foldr keyword followed by a list of one or

more statements which represent f. An example is shown below with its corresponding abstract

syntax tree. Like with map, because in Martlet foldr is a statement and not a function, it is not

necessary to explicitly pass in arguments, or wrap multiple arguments in tuples, as arguments

are implicitly drawn from the statement’s scope.
foldr
{
f1(A,C);
f2(B,C);

}

foldr seq

f1(A,C)

f2(B,C)

When this statement is expanded this is replaced by a sequential statement that keeps any

non-distributed arguments constant and calls f repeatedly on each piece of the distributed argu-

ments as shown in Figure 3.5.

foldl is the mirror image of foldr, evaluating from the left hand side of the list first. It is
defined in Haskell as follows:

foldl f e [] = e

foldl f e (x:xs) = foldl f (f e x) xs

This means that the example from foldr translates to:
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seq

seq

f1(A1, C)

f2(B1, C)

seq

f1(A2, C)

f2(B2, C)

seq

f1(A3, C)

f2(B3, C)

Figure 3.6: The abstract syntax tree after the foldl example has been expanded, with the dis-
tributed data structures A = [A1, A2, A3] and B = [B1, B2, B3], and the local data structure
C as an accumulator parameter. Note the reversal of the ordering of the distributed arguments
compared with foldr.

foldl (+) 0 xs

which evaluates to

((((0+1)+2)+3)+4)+5

This is expanded in almost exactly the same manner as foldr. The only difference is the

ordering of the function calls from the sequential statement. This can be seen in Figure 3.6.

The only time that there is any reason to choose between foldl and foldr is when f is not

associative.

tree is a more complex statement type. Unlike foldr and foldl, which can be described

by a sequential statement, tree constructs a binary tree with a part of the distributed data

structure at each leaf, and the function f at each node. This means that unlike the folds, it is

able to take advantage of the potential for parallel execution when it is expanded and evaluated.

A Haskell equivalent is:

tree f [x] = x
tree f (x:y:ys) = f (tree f xs’) (tree f ys’)

where (xs’,ys’) = split (x:y:ys)

split is not defined here since the shape of the tree is not part of the specification. It will

however always split the list so that neither is empty.



3.3 Syntax and Semantics of Martlet 52

Unlike the other expandable statements, each node in a tree takes 2n inputs from n dis-

tributed data structures, and produces n outputs, in addition to the constants and functions used.

This means there is insufficient information in the structure to construct the mappings of values

between nodes within the tree. In the Haskell definition, this extra information is encoded into

the function body. While neat, this requires that the value of n is fixed at the point that the

function is created. Since in Martlet tree is a statement that is part of the language, rather

than a function written in it, this is not practical. Instead, Martlet syntax requires the distributed

input arguments and the output argument that the statement uses are declared in brackets above

the function to provide the required additional information.

The relationship between distributed inputs and the outputs of f needs to be encoded in

the format (XLeft,XRight)\X->A, where XLeft and XRight are two arguments drawn

from the distributed input X that f will use as input. The output will then be placed in A. This

allows the correct placement of inputs, and the identification of the corresponding outputs so

that they can be fed into the next level of the tree. Non-distributed inputs and functions used in

f can be simply drawn from the scope without issue, so are not required in the brackets.

As an example, consider a statement that uses a function s to reduce two values to one. This

statement takes a distributed argument X as input, and outputs the result to the non-distributed

argument A. This can be written as:

tree((XL,XR)\X -> A)
{

s(A,XL,XR);
}

tree s(A,XL,XR)

When this is expanded, it uses sequential, asynchronous, and temporary variables in order to

construct the tree as shown in Figure 3.7. In order to get a better idea of the tree this describes, a

diagram showing just the data flow is included in Figure 3.8. Because of the use of asynchronous

statements, any value that is written to must be passed in as either an input or an output.

3.3.4 Recursion

Martlet is not currently directly capable of recursion, as functions are not named by the pro-

grammer, but instead are named by the middleware. As a result, it is not possible to include a

function’s name within itself. However, it is still possible to construct recursion by using the

property that functions are first class variables. Therefore if a function x takes a function refer-
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create A1, A2 seq

async

create A3, A4 seq

async

s(A3, X1, X2)

s(A4, X3, X4)

s(A1, A3, A4)

create A5 seq

s(A5, X5, X6)

s(A2, A5, X7)
s(A, A1, A2)

�

Figure 3.7: If X is set X = [X1, X2, X3, X4, X5, X6, X7], then this is one of the possible trees
that could be generated from the tree function on page 52.

A

s(A,A1, A2)

s(A1, A3, A4)

A1

s(A3, X1, X2)

A3

X1 X2

s(A4, X3, X4)

A4

X3 X4

s(A2, A5, X7)

A2

s(A5, X5, X6)

A5

X5 X6

X7

Figure 3.8: A view of the execution described by the tree in Figure 3.7, tracing out just the data
flow.



3.3 Syntax and Semantics of Martlet 54

proc(f,A,B)
{
\\Some code......

\\The recursive step
f(f,A,B);

\\Some more code......
}

Figure 3.9: An example of how recursion can be included in Martlet workflows.

ence f to call, recursion can be introduced by setting f equal to x when the function is called.

This can be seen in Figure 3.9: in this example f will be called as a passed function argument,

if the value of f at runtime is the URI of this function, the function will now recurse.

This could be simplified by the addition of an identifier such as this that the function can

use to identify and therein call itself. However, recursion is not necessarily a good feature to

have in a workflow language, as including it makes scheduling more complex and can result

in a loss of performance through not having the full tree defined when the workflow is first

initiated at runtime. This has resulted in a large class of middleware that is not able to support

such functionality; therefore, languages that include recursion have a more restricted set of the

middleware on which it is possible to execute their workflows.

3.3.5 Function Constraints

As the prototype version of Martlet stands, there is very little in the way of extra constraints to

make functions easier to read and less likely to contain errors. There are two types of constraints

that it would be constructive to add, these are type information and input/output information in

the function headers. While the addition of both of these would make functions easier to read

and help prevent functions being partially evaluated before failing, they where not included in

the prototype because the naive versions would limit the general nature of the language, and

more advanced systems would both require more knowledge about how the language will be

used, and require too high a level of work for a prototype. Once more experience has been

gained using this programming model with different users, and in different problem domains, it

to be it will be appropriate to revisit this issue.
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create Y, Z, ZTotal seq

map seq

MatrixSum(A,Y)

MatrixCardinality(A,Z)

tree seq

MatrixSumToVector(YL,YR,B)

IntegerSum(ZL,ZR,ZTotal)

MatrixDivide(B,ZTotal,B)

Figure 3.10: The abstract syntax tree representing the generic work-flow to compute the func-
tion in Figure 3.1.

3.4 Example Program Execution

In this section, we will take the Martlet program in Figure 3.1 (the example process to calculate

averages) and show the stages that it goes through between being submitted by a user to being

executed on a concrete dataset.

When the initial program is submitted, an abstract syntax tree that directly represents the

abstract function is generated. This is shown in Figure 3.10. If this is invoked with arguments

A and B, where A = [A1, A2, A3], the tree is copied and the copy expanded to match these

concrete data structures. The result of the expansion of the tree is shown in Figure 3.11.

Once the tree has a concrete number of arguments for each of the distributed data structures

and no longer contains expandable constructs, it can be broken up and executed on appropriate

computing resources. At the moment this is done through the use of a supporting middleware

that has been developed as part of this project [61]. However, at this point, there are no con-

structs used that are not provided in a wide range of other workflow languages. This means it

would now be possible to use the expanded tree to produce workflows that can be used on other

middleware. This is looked at in more detail in Section 6.2.1.

3.5 Conclusion

In this chapter we have introduced a novel programming model, and implemented it as a rough-

grained workflow language capable of abstracting from the user the partitioning of data used in

an algorithm. This is done without simply transferring all the data silently to a single location
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create C1,2,3, D1,2,3 , E seq

async

seq

MatrixSum(A1,C1)

MatrixCardinality(A1,D1)

seq

MatrixSum(A2,C2)

MatrixCardinality(A2,D2)

seq

MatrixSum(A3,C3)

MatrixCardinality(A3,D3) �

create E1, B1 seq

seq

MatrixSumToVector(C3,C2,B1)

IntegerSum(D3,D2,E1)

seq

MatrixSumToVector(C1,B1,B)

IntegerSum(D1 ,E1,E)

MatrixDivide(B,E,B) � � �

Figure 3.11: The abstract syntax tree representing the function in Figure 3.1 after it has been
expanded to fit the concrete data structures A = [A1, A2, A3] and B.
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in the background, so avoiding the limiting bottleneck in such a solution. Instead, this has

been achieved through the use of abstract statements in the language inspired by functional

programming and two complementary classes of data structure. These constructs also facilitate

an alternative and potentially more intuitive way of thinking about parallel programs in terms

of just base cases and inductive cases.

In the next chapter, we will introduce a prototype middleware that has allowed the evaluation

of this programming model and language, before we test and evaluate the complete system in

Chapter 5 and Chapter 6



Chapter 4

Middleware

The prototype middleware described in this chapter was developed to construct a specification

of the style of architecture required to support our programming model in a heterogeneous

distributed environment. This then provides insight into the system support required by such a

programming model, in addition to providing a platform for experimentation with Martlet.

In Chapter 2 we saw that there is a range of existing middleware supporting Service-

Oriented architectures for utility-style computing. However, the more advanced of these fell

into two categories: they were either locked quite firmly into the more traditional, and inappro-

priate for Martlet, computing models, or they were still very much in development and so were

not at a stage that was stable enough to extend to support this project. As such, it was necessary

to construct a large amount of custom middleware to support Martlet, this was done by building

on lower level, well-established middleware. As large parts of the infrastructure were going to

have to be constructed from scratch, it was decided at the start of this project that we would

construct it all from scratch. This allows us to examine in an unbiased way the requirements

for such a system, making it easier to see both which middleware it can be integrated with later,

and where else such a pattern could be instantiated. In addition it insulated us from events in an

immature field, such as the abrupt end of the Globus Toolkit 3 project.

4.1 Introduction

The Middleware is built on top of an Apache Axis [5] server running in an Apache/Jakarta

Tomcat [6] servlet container. This choice was made because was is one of the best supported,

widely used and functional SOAP containers and was marked to become the corner stone of the
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Martlet Middleware
Data Store Data Processor Process Coordinator

Common Functionallity

Supporting Middleware

Jakarta Tomcat
Apache Axis

Communication
Libraries

Operating System

Figure 4.1: Diagram outlining the stack used by the prototype middleware.

middleware produced by the OMII [90]. This means that, while we had a very stable platform

to work with, we are not segregating ourselves from other work that is going on in this field.

In due course, we may migrate to the OMII middleware, in order to gain use of all the addi-

tional functionality supported by the OMII stack, such as WS-Security [7], but at the start of

this project, there were no OMII releases available. An outline of the middleware stack used

can be seen in Figure 4.1. The middleware is inspired by a range of existing work including

ASAP [106], MONET [121], WS-GAF [96], and WS-RF [38]; this has resulted in a factoring

of components similar to that used by the MONET project, the use of factories to construct

instances of invoked services, and the use of handles and URIs to manage resources. However,

it should be noted that the middleware is not constructed with a strict adherence to any one set

of ideas or principles.

The middleware is constructed such that the different conceptual parts of the system are

separated into different concrete parts. The structure of the communication between these parts

and the use of XML documents posted by each node on the Web means that nodes can be added

and removed at will, without having to inform the whole system of the change.

Data is passed by reference, which has two main advantages. First, the data is only moved

when it is required, allowing the references to be passed through many services without having

to move very large amounts of data through with them. Second, the use of references means

that data transfer can be instigated by a more efficient method than SOAP [33]. As a result,

the data transfer model is abstracted so that the protocol used to transfer the data is separate

from the implementation of the rest of the middleware, with lazy evaluation [70] being used to

minimise the data transfer overhead.
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In addition to the use of references to pass data, references are used to pass functions. This

allows functions to be first class values that can be passed into and used in other functions. This

applies both to functions that have been submitted to the middleware using the Martlet language

and to the base functions that are deployed to the system by administrators.

The middleware also has a comprehensive locking, provenance and data transfer model that

allows multiple functions to run at the same time, and functions to be queued without having to

worry about forgetting data or generating race conditions. The system that performs locking is

extended to keep records so that a provenance system is built into the middleware, thus keeping

a complete record of the life of each piece of data.

4.2 Topology

The implementation is divided into three logical units: data stores, data processors, and process

coordinators.

Data Stores provide a set of methods for accessing the data stored at a given location. This

unit is deliberately lightweight and only capable of generating a data structure from stored

data.

Data Processors ingest, store, and run expanded Martlet abstract syntax trees on datasets

which they either have locally, or retrieve from another data processor or data store.

Process Coordinators are the components that users interact with. They handle access to the

rest of the middleware. This is consequently where most of the complexity of the project

occurs. This is where the abstract trees that represent submitted functions are adjusted

to fit the arguments on which the function has been called, and then are broken up and

scheduled across the data processors. This is the only component to have any knowledge

of other nodes in the system.

All three components share common functionality for transferring, discarding, and publish-

ing data. They can be grouped together at will on servers, so it is possible to have both a data

processor and a data store on the same machine. A possible configuration of five servers is

shown in Figure 4.2. It is worth noting that many different process coordinators can use each

data processor and data store concurrently, and each process coordinator does not need to be

aware of all the other nodes in the system.
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Server 1

Process Coordinator

Server 2

Process Coordinator

Data Processor

Server 3

Data Processor

Data Store

Server 4

Data Processor

Data Store

Server 5

Data Processor

Figure 4.2: An example of how five servers could be configured. Note that more than one
Process Coordinator can use each Data Store and Data Processor and the Process Coordinator
does not need to know about all available Data Processors.

This topology has similarities with the architecture of the MONET project [121], with the

process coordinator mapping to the MONET broker and the data store mapping to the MONET

mathematical object store. Although elements of the architecture are similar, this work serves

an entirely different purpose. MONET was aimed at automatically combining services for

mathematical functions, not at the abstraction of parallelisation from analysis of distributed

data.

4.3 Shared Features

Before examining the implementation of the logical units, we will examine some of the design

issues relating to the implementation of their shared functionality.

4.3.1 Resource Lookup

All data and functions are held in handles stored in a lookup table. This lookup table is indexed

by URIs that are created when handles are added to the lookup table. The use of handles facil-

itates the seamless storage and passing of metadata about the data structure or function. This

metadata consists of both object-specific information and implementation-specific information.
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Examples of this data include the number of processes currently using a data structure, whether

a data structure is locked to prevent race conditions, and when the data structure’s existence

can no longer be guaranteed.1 The inclusion of resource lifetimes is similar to the ideas in the

WS-RF [38] specification, where resources are given an updateable life time. This means that

if a data structure is lost because of either the failure of a server or the forgetfulness of the user,

the resources used will be recovered automatically.

4.3.2 URIs

A range of information is encoded within the URIs used for referencing handles in the lookup

table. This information includes the URL of the holding server, a unique identifier within the

domain of the holding server, the type of the item referenced, and the group it belongs to. The

structure of these URIs is:

Martlet:unique id:type referenced:group:server url

so an example URI would look like:

Martlet:matrixAverage:Function:all:http://cpdn.net:8080/CPDN

Through the combination of the unique identifier and the server url, all URIs are guaranteed to

be globally unique. The encoding of the URL into the URI also allows servers to dynamically

discover other servers as and when required, thus reducing the amount of state required in the

system.

We chose to encode this much data into the URI because the desired system architecture

required this information to be provided. The only other sensible alternative currently available

would be the use of WS-Addressing [20], in which this information is encoded into an XML

document that is used instead of the URI. We felt that this added unnecessary overhead parsing

the document; however, a suitable level of abstraction has been included so that this decision

can be changed later if needed for reasons such as interoperability.

4.3.3 Security

Security falls into two categories;

1. Preventing users from running malicious code that is harmful to this or other systems.
1If there is space to continue storing a data structure there is no reason to actively destroy it. Instead, this can be

delayed until the garbage collector is invoked.
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2. Preventing users from accessing or modifying data without permission.

The first-category is handled by Martlet restricting the user to chaining together rough-

grained functions provided by the system administrator. This allows the system administrator

to provide a comprehensive but safe set of functions, thus preventing any malicious code from

being executed.

To ensure that the security model for the second category remains orthogonal to the work on

the underlying design, we decided that this should be implemented by having a security handler

on every server. Messages have to pass through this handler before reaching the underlying

framework. If the messages are allowed through then it is assumed that the request is legal and

it will be executed. It is possible for the handler to check a range of issues, including the source

of the message and the permissions of the sender. This fits in well with the model that Apache

Axis [5] uses for service construction, in which services are made from chains of handlers, with

each handler responsible for a specific task.

If the URIs are changed so that the security handler lets a request through, the request will

fail to map to a handle in the resource lookup, and will fail before it can do anything harmful.

By doing this, the security can be abstracted away from the rest of the middleware while still

being taken into account in the design. The group field in the URIs was added to enable users

and sets of handles to be grouped, thereby simplifying the administration of the security model.

4.3.4 Sending Messages

The communication of messages to other components of the middleware is handled by a set of

classes, one for each different type of component. This abstracts the details of communication

away from the workings of the middleware to a single point. Coupled with the use of Axis han-

dlers, this allows for the handling of errors, thus providing a reliable means of communication

that can automatically handle a range of errors. Unrecoverable errors will propagate through

for the calling infrastructure to handle. These will however, either have been thrown by the

receiving service, or because the communication remains impossible after the communication

class has tried all available options.
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4.3.5 Data Transfer

Data transfer is initiated by a service provider that requires a specific piece of data making a

request to the provider that holds the data. There are two types of data retrieval request a service

can make. For data types that are small, such as integers, it just requests that the value is sent

as the response to the request. For potentially large data types such as matrices it requests that

the data is sent by an out of band method. This is done because SOAP is not a good format for

sending large datasets due to its verbose nature [33].

In order to save on communication times data transfer occurs if, and only if, a service is

handed a reference to a handle on a different server and it tries to read the data from it. This

is instigated by the service first recognising that it the URI is not local, and therefore creating

a lazy [70] handle. This lazy handle has all the information it requires to transfer the data, but

only executes this operation if get is called on the handle to retrieve the data it holds. If a

set call is made, the lazy handle will remove the old copy of the data from the remote server,

making the local version the only copy. Otherwise, when the function terminates the local copy

is removed in order to ensure that only one copy of the data exists at any time. The decisions

about which copy of the data to remove were made in order to keep the amount of network

traffic to a minimum.

If copied data is unmodified, the copy of the data will be deleted after the server has finished

with it, so the user URI will remain unchanged. However, if data is modified, the original is

deleted leaving only the copy. This process invalidates the original URI, leaving just the new

URI which the user is informed of when the modifying function terminates. As the original URI

no longer points to anything it is not safe to share the URIs of mutable data with other users, as

there is no guarantee that it will not be changed leaving no resource referenced by the shared

URI. This restriction can be removed by taking a copy of the data to be shared and continuing

any further work with the original.

We will now examine out of band requests in more detail. These requests contain both the

URI of the required data and the location where the service would like the data to be placed.

The data is encoded into an efficient format and transferred, after which an asynchronous call is

made that informs the requesting service provider that the data has been placed in the requested

location. Currently the data is transferred by SFTP. This choice was made for convenience, and

is deliberately abstracted so it can be changed to a different protocol at a later stage if desired.
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Figure 4.3: Process diagram of non-local reference retrieval.

Since the receiving server initiates the data transfer, the overall model for transferring the

data is a pull model, though the underlying protocol to transfer the data uses a push model, in

which the sending processor initiates the transfer. This is done because it reduces the amount

of inter-node signalling that is required to organise an effective cleanup of transient data struc-

tures. All message calls are asynchronous to avoid timeout issues occurring while the server is

marshalling the potentially very large amounts of data. Figure 4.3 shows a generic outline of

the sequence of events for data transfer.2

Each data type requires an encoder and decoder. These can be constructed by extending a

provided class that implements the base functionality. For example, matrices are encoded using

the netCDF [105] file format. The choice to use netCDF for matrix transfer was made for several

reasons: it is one of the formats that is supported by the NERC DataGrid project [75, 76]; it is

supported by libraries in a wide range of languages; and it is the native format of the returned

climate data.
2The function call is not restricted to being from a process coordinator.
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4.3.6 Resource Locking

As the environment will require multiple threads in order to provide acceptable performance,

data locking is required to prevent race conditions and ensure only valid answers are produced.

One solution would be like in functional programming, to make all data immutable after cre-

ation. However, since there may be many operations that just make small changes to large data

structures, this could result in large time and space complexities, making it an impractical so-

lution. Instead, the chosen design was the addition of information to the handles that can only

be altered by a single monitor. This enables large numbers of handles to be locked atomically,

thereby protecting against internal deadlock. Deadlock during inter-server communication is

a problem since atomic locking across all servers is neither practical nor possible. To prevent

deadlock occurring, it is necessary to restrict the user in such a way that if a function is going to

write to a reference, while that function is being executed, all other functions that use the same

reference must be submitted through the same process coordinator.

The monitor is constructed using a static synchronised method to try and lock an array of

handles as an atomic action, else return the handle that could not be locked. Each handle has

a method that the monitor can call in order to wait on until the handle becomes free, at which

point the monitor can try to get a lock again. Each lock can be either unlocked, read only, or

write. The type of lock that each handle requires to perform a given action is read in from

the called function before any attempt is made to get a lock. This is abstracted away from the

programmer by an abstract class called a function object, which is extended by all objects that

read or write to data structures. This class contains a Boolean array stating which arguments are

read only and which are write, along with four methods for controlling access to the arguments;

ready(), finished(), invoke() and run(). These methods perform the following tasks:

Ready returns with the service provider in a state where all handles held by the object are

locked by the object making it safe to proceed with the function’s execution.

Finished unlocks all the handles, notifying any function objects waiting on them that they are

now free. It then signals any processes listening for the completion of the function before

returning.

Invoke is the abstract method that must be extended with the function a class is going to per-

form.



4.3 Shared Features 67
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Figure 4.4: The state diagram for resource locking.

Run spawns a new thread, therein providing the required asynchronous nature. This method

calls ready(), invoke() and finally finish().

Additionally, handles hold locking information to control when the data they hold can be

copied safely. Since data transfer only reads from a single handle, it is sufficient to make each

handle a monitor for its own lock. The necessity for the second lock is created by the scenario

where a composite function calls a function on a different node, passing references to local data.

The data is not in a final state at this point, so it must not be used by other functions, but the

data transfer request must not be locked out. A complete state diagram for the locking can be

seen in Figure 4.4.
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4.3.7 Provenance

Provenance [25] is one of the pieces of metadata held in handles. It is of importance to this

project since the reproducibility of results is vital to any scientific work and, with the ability to

publish URIs online, it is not necessarily sufficient for the user to record what they have done.

Moreover, it is possible for such a system to record information about any operations performed

on the data with greater detail, accuracy and fidelity than a user could manage.

The provenance data is stored as a directed acyclic graph, in which each node represents a

function call and the vertices from the node lead to the nodes that represent the inputs to the

function. Each handle holds the node that represents the last operation to happen to its data.

As such, each handle starts with a node listing the dataset it was constructed from. When an

operation is performed on this handle the node is replaced with an operation node that has the old

node as one of its children. From this graph, it is then possible to construct a list of operations

that have been applied to the queried data structure to transform it into its current state. The

next node is constructed by the functions in the abstract class function object. Through the

adjustment of this class, it is possible to include the storage of a wide range of information,

such as execution time, middleware overhead, the server the execution occurred on, the date,

and so on.

4.3.8 Publishing

All nodes have a publish method which takes a reference to a data structure, and returns the URL

of a Web page where it has been published. For a local data structure this is done by encoding

the data structure into a file and placing it into the directory structure of a Web server along

with a corresponding Web page. For distributed data structures, the publish call is propagated

to all the nodes holding parts of the structure. The returned URLs are then added to a Web page

constructed on the server holding the distributed handle, and the URL of this page is returned

to the user.

4.4 Data Store

The Data Store is the logical unit that retrieves data from the stored datasets and manipulates it

into a data structure for analysis. It adds just one method to the base functionality. This method

takes a dataset descriptor and a range descriptor. It uses these to retrieve the data described
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by the range descriptor from the dataset described by the dataset descriptor. From this data it

constructs a data structure and places it in a handle, returning its URI reference. For example,

the range descriptor may state that “only the temperature of Europe is required” and the dataset

descriptor may state that “this should only be taken from returned models that had pressure at

mean sea level set to 1013mb when the model was started, and that were returned before the 1st

of May 2007”.

The process coordinator constructs the range descriptor from a description submitted by the

user when requesting the construction of the data structure. The dataset descriptor, on the other

hand, must be constructed earlier by a separate call to the process coordinator. This is required

because the global dataset is constantly growing as more model runs are returned and, if two

subsets are going to be compared it will be necessary for them to be taken from the same dataset

i.e. data structure 1 must be constructed from the same returned models as data structure 2. By

the use of the dataset descriptor, a fixed point in time is created from which comparable data

structures can be created. When the dataset descriptor is created from the database of returned

runs, it not only contains the returned results from which the data structure is going to be built,

but also the servers these model runs are stored on. As a result, the process coordinator needs

only to know the location of the database for the project, not the location of every data store

used by the project.

4.5 Data Processor

Data processors perform analysis on the data structures generated by data stores. To do this,

they store a set of base functions, that have been approved for use. Base functions are con-

structed by wrapping a function through the extension of the abstract class function object, and

building a factory to construct these wrapped functions through the extension of the class func-

tion constructor. The use of wrapping like this is important as it allows for the integration of

legacy code into the set of base functions. The information about these functions is added to

an XML document and placed on a supporting website so that any process coordinator that

wants to use the data processor is aware of the supported functions. The decision to host the

XML locally and not use an advertisement elsewhere was made because the additional level of

indirection is not required and restrictions on the structure of the advertisements would restrict

the design if an inappropriate choice were made. However, a sufficient level of abstraction has
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been maintained so that this decision can be changed later if desired.

The data processor has three additional core methods that extend the base functionality:

Function Invocation takes a reference for the function and an array of references for argu-

ments. It retrieves the handle containing the function constructor and uses it to construct

an object that will perform the function on the arguments provided. Creating function

constructors as factories for function objects simplifies the management of multiple con-

current calls to the same function, leaving the function object to deal with locking the

handles and executing the individual request as discussed in the section on resource lock-

ing.

Function Submission allows for the submission of new functions described with a Martlet

abstract syntax tree. When submitted, the abstract syntax tree is parsed into a tree of

function constructors that can be placed in a handle and used to construct function ob-

jects. This method does not affect the published XML documents, since the submitted

methods are not base functions but parts of a function currently being executed by a pro-

cess coordinator. As such, they are not guaranteed to be self-contained, may have a very

short lifetime, and are not appropriate for use in other functions.

Creating New Handles is a simple method that creates empty handles of a given type for stor-

ing the output of computations. It returns a corresponding URI after creating the handle.

4.6 Process Coordinator

The process coordinator is the part of the system with which the user will interact, and the

only part to handle unexpanded Martlet programs. As has already been mentioned, and will be

discussed further in Section 6.2.1, some parts of this prototype middleware could potentially be

replaced with elements drawn from existing middleware. However, the Process Coordinator has

large amounts of functionality that is not currently supported by existing middleware. It adjusts

Martlet functions to match the splitting of data, locates servers, and schedules jobs to compute

the adjusted functions. It also coordinates requests across all other parts of the system, handling

the construction of both functions and distributed data structures. We will now examine in more

depth these pieces of functionality.
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Data Structures As discussed in Section 3.2.1, there are two classes of data structure, local

and distributed, that need to be supported by the middleware. Local data structures always

reside on a single server, and are the same as the data structures you would use with any other

workflow language. All servers in the middleware support these. Distributed data structures are

abstractly a list of local data structures. This means that, when a new data structure is added,

its distributed counterpart is automatically generated. Unlike local data structures, only process

coordinators can handle distributed data structures. These encode the list of local structures

using an array of URIs referencing the local structures. This limiting is possible because the

Process Coordinator is the point where abstract functions are expanded to concrete functions,

and concrete functions only use local data structures.

4.6.1 Locating Servers

As a process coordinator is not simply provided with a list of servers, it is necessary to locate

servers. This is performed in two separate ways.

The simpler of these is the method used to locate data stores. In this case, the process

coordinator is given the address of a Web Service that provides an interface to a database storing

the location of the returned runs. Through querying this Web Service, it is possible to get a list of

all the servers that are required to supply data for a given computation, along with a description

of what data they must supply.

The second case is locating data processors, and keeping track of what services they provide.

This is done by, maintaining a set of URLs of active data processors. For each URL, the process

coordinator periodically queries the XML document published by the data processor to see

what functions it supports. From these documents, the process coordinator is able to maintain

for each base function, a list of servers that support it. Each of these lists is referenced by a

URI to enable users to use the base function in Martlet programs. When such a program is run,

the URIs will be substituted with URIs from the lists they reference. A diagram showing the

linking for three servers supporting two functions and their corresponding handles is shown in

Figure 4.5.

If a URI is used that references a different process coordinator, then the referenced process

coordinator can be queried about its set of data processors, thereby increasing the number of

data processors each process coordinator can use.

If a server is removed in a controlled way, it will empty its XML document of functions a
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Process Coordinator

Server References

Server 1 Server 2 Server 3

Function Set 1 Function Set 2

Lookup Table

Handle 1 Handle 2

Figure 4.5: The objects and linking for three data processors, which collectively support two
functions. Note that Sever 3 only supports one function.

predefined time before it goes offline, allowing process coordinators to update their records. If,

on the other hand, it fails, this will be detected and reported when attempting to invoke functions

on it, triggering its removal and the rescheduling of jobs.

4.6.2 Program Submission and Execution

When Martlet programs are submitted, they are converted into abstract syntax trees and stored,

since at this point there is insufficient information to do anything more. However, when they

are executed with a full set of arguments, all the required information is present, allowing the

following chain of events to take place:

1. The handles of the arguments are locked and a copy of the Martlet program abstract syn-

tax tree is made to protect the structure of the original. Copying the abstract syntax tree

leaves the original available for use in other concurrent and future function invocations.

2. The abstract syntax trees of any function calls to other Martlet programs are retrieved and

recursively integrated into the tree, so that the only remaining function calls are calls to

base functions. This step does mean that while Martlet can potentially support recursion,

the middleware currently does not support recursion.

3. By examining the distributed data structures, the tree is expanded to remove the expand-

able constructs, replacing them with a set of normal constructs that represents their ex-

pandable counterparts for the given distributed data structures.
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4. Since the full tree is now present, the base functions are scheduled to run on specific data

processors chosen from the function sets stored on the process coordinator.

5. With the tree now fully quantified, it is automatically broken into pieces and distributed

to the appropriate data processors.

6. The root node of the function is then invoked.

7. Once the execution completes, the sub-trees are disposed of, leaving just the returned

results.

4.6.3 Deadlock Prevention

To ensure that deadlock does not occur and to guarantee simultaneously that race conditions

do not prevent the generation of correct results, it is necessary for all execution requests that

write to a given data structure concurrently to be submitted to the same process coordinator.

For example, suppose there is a process f that adds the value in its first argument to its second

argument, and the call f(a,b) is made to a process coordinator, then other requests using b

can be made. However, until f completes, these requests are bound to being submitted to the

same process coordinator, even if the second call only reads b. This occurs because, while it

is possible to use locking on a single server to protect jobs, it is not possible to do this across

a potentially unknown set of servers. This is not a severe restriction on the user as there is no

advantage gained by using multiple process coordinators.

4.6.4 Scheduling

With the wide range of schedulers already in existence for workflow languages [18, 30, 88, 118],

and the potential for vastly different operating environments, the development of an advanced

scheduler was not one of the aims of this project. As such, the current scheduler is very rudi-

mentary. To facilitate the construction and use of more advanced or appropriate schedulers,

an interface is provided for schedulers to implement to allow them to interact with the process

coordinator. In addition to this a visitor interface is provided allowing the construction of cus-

tom visitors for traversing the expanded abstract syntax tree. As the tree is capable of handling

an arbitrary number of visitors, and the visitor controls its movement through the tree, a huge

degree of freedom is afforded to schedulers wishing to analyse and manipulate these trees.
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4.7 Conclusion

This chapter has introduced a high level specification for a Service-Oriented middleware and a

Web Service based prototype implemention to support Martlet workflows. Collectively, these

provide a fairly pure insight into what is needed to run such workflows, and while some parts

of the implementation could now be replaced by existing middleware, other pieces cannot be

so easily replaced. As such, this work provides a checklist when considering integrating or

modifying other middleware package to support Martlet, or when adding in ideas derived from

Martlet into other middleware.

In Chapter 5, we use this middleware to test the case studies introduced in the Chapter 1

along with some of the case studies used in Dean and Ghemawat’s MapReduce paper [41].

We then in Chapter 6 examine in more depth how this middleware can be further integrated

into other solutions. This discussion continues the principles this project was started on of not

segregating this work from the rest of the field.



Chapter 5

Case Studies

In this chapter we examine four case studies: North Atlantic Oscillation, Word Count, Grep

and Singular Value Decomposition (SVD). These four case studies were chosen for a range of

reasons. The North Atlantic Oscillation makes use of the average function that has been used

to motivate this work so far, so this will take this example to completion. The Word Count and

Grep are used in Dean and Ghemawat’s MapReduce paper [41] as examples, so it is useful to

show them here in comparison. Finally, the SVD demonstrates the ability to construct more

complex operations.

5.1 North Atlantic Oscillation

The North Atlantic Oscillation (NAO) is a climatic phenomenon where the sea-level pressure

between the Icelandic low and the Azores high in the North Atlantic Ocean fluctuates. This

fluctuation controls the strength and direction of westerly winds and storm tracks across the

North Atlantic. When measuring this, pressures are taken at these two points and the difference

is computed. If this needed to be computed this over a set of models, this would be done by

then taking the mean of the results. We consider this example important because the basic style

of the computation encompasses a huge number of the operations that are desirable to perform

on an ensemble of data.

In Figure 5.1, we have the code for this operation, which includes a call to the provided base

function in Figure 5.2 for computing the mean. This base function is also described in Martlet,

once again calling to other base functions. If the mean had not been provided as a base function,

the user could first submit it as a user defined function, and then used the define block at the
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define
{

base = BaseFunction:all:http://userpc55.ox.ac.uk:8080/Martlet;
}

proc(icelandicPressure, azoresPressure, result)
{

difference = new DisMatrix(icelandicPressure);

map matrixSubtract:$base$(icelandicPressure, azoresPressure, difference);

matrixMean:$base$(difference, result);

}

Figure 5.1: Martlet code to compute the North Atlantic Oscillation.

top of their second function to rename the returned URI so keeping the function readable. The

observant reader may notice that the mean function used here is different to the mean used in the

earlier examples. This difference occurs because the earlier example was an idealised version

that assumed that number overflow would not be a problem. This version, while slightly longer,

so not as good for use in the earlier examples, does not make this unrealistic assumption.

5.1.1 Analysis

To demonstrate the operating characteristics of Martlet, a series of tests were run on a test bed of

ten servers storing some 45,000 model runs. To enable these tests to be carried out on the largest

available dataset, we decided to apply the mean function directly so as not to restrict ourselves

to just the two values per run used in the NAO. In these tests, the following information was

recorded from each server: time spent executing base functions; time spent adjusting abstract

syntax trees and scheduling functions; time spent communicating between servers; and out of

the time spent communicating, how much of that was sending data.

In the first test, the number of values averaged per run was steadily increased, allowing us

to observe the performance characteristics of the test bed as the size of the input data increases.

The total times for this test can be seen in the following table and are shown graphically in

Figure 5.3. The times for each individual server can be seen in Appendix Section C.1.
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define
{

base = BaseFunction:all:http://userpc55.ox.ac.uk:8080/Martlet;
}

proc(input, output)
{

partialAverage = new DisMatrix(input);
noRuns = new DisInteger(input);

map
async
{

matrixAverage:$base$(input, partialAverage);
matrixCardinality:$base$(input, noRuns);

}

total = new Integer(output);

tree((left,right)\noRuns->total)
numberSum:$base$(left, right, total);

map
{
scale = Real(input);
numberDivide:$base$(noRuns, total, scale);
matrixScale:$base$(partialAverage, scale, partialAverage);

}

tree((left, right)\partialAverage->output)
matrixSum:$base$(left, right, output);

}

Figure 5.2: Martlet code to compute the mean of a matrix without problems with number over-
flow.
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Figure 5.3: A graph of the time spent doing different tasks as the size of the input dataset is
varied. “Linear” shows the theoretical growth rate of the analysis function alone.

Number of Entries in each Model
Global Totals 1 10 100 1000 10000 100000 1000000

Execution 38.2 37.95 39.03 45.77 84.42 595.79 7858.33

Communication 2.3 2.29 2.36 2.32 2.49 2.98 6.65

Transport 0.12 0.16 0.21 0.2 0.26 0.68 4.52

Marshalling 0.16 0.12 0.12 0.14 0.17 0.11 0.12

Total 40.78 40.52 41.72 48.43 87.34 599.56 7869.62

This shows that, as expected, while the overhead times remain constant, the execution times

and transport times rise linearly with the size of the input data. The initial plateau in both the

execution and transportation times is caused by the cost of constructing the function objects and

supporting data structures. This time for very small datasets is a significant part of the total

time spent on these tasks, however all the overheads are very small in respect to the overall

computation for all datasets bigger than a couple of megabytes per machine.

The second test measured the time required to run the same calculation across a differing

number of machines. To do this we took 9000 model runs, each containing 1,000,000 values,

and calculated their average multiple times while steadily increasing the number of machines

from 2 through to 10. The results from these tests can be seen in the following table, and the



5.1 North Atlantic Oscillation 79

Figure 5.4: A graph of the time spent doing different tasks as the number of the data processors
is varied. Note that while the marshalling time varies greatly, it is still very small, and the
discrepancy is probably due to inaccuracies in the measurements.

full results can be found in Appendix Section C.2. A graphical representation of these results

can be seen in Figure 5.4.
Number of Servers

Global Totals 2 3 4 5 6 7 8 9 10

Execution 1572.7 1540.8 1335.4 1346.5 1331.2 1336.2 1290.2 1291.0 1271.6

Communication 0.89 1.33 1.81 1.93 2.36 2.86 3.07 3.64 3.14

Transport 0.42 0.68 0.75 0.88 1.07 1.02 0.98 1.12 1.05

Marshalling 0.08 0.08 0.05 0.06 0.09 0.09 0.25 0.12 0.19

Total 1573.2 1541.8 1336.9 1348.2 1333.4 1338.9 1293.2 1294.5 1274.7

This shows that while the marshalling and communication costs increase slightly as the

number of servers increases, the total execution costs remain approximately constant. This

means that expanding this model out to many servers is highly practical. In fact, the data

shows a decrease in the overall execution time; we believe that this is due to a range of causes,

including that, because the execution is being run with garbage collection, as the number of

servers increases, the number of garbage collections decreases due to the increasing overall

heap size.
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Summary

As the middleware that these tests were run on was constructed as a prototype, it is worth bearing

in mind that it is not the absolute values that are important here, but the relative trends of the

values. Collectively, these tests show that there is very little overhead cost incurred when adding

more nodes or expanding expandable statements at runtime. As such, this programming model

is both highly scalable, and as efficient as the existing less-dynamic languages and supporting

middlewares. While it can be argued for the second test that the cost of the reduction is small at

each step, the test shows that the surrounding costs of building such reductions is very small; as

such, the expense of more complex reductions can easily be predicted using standard reasoning

about the algorithm being performed.

5.2 Word Count and Grep

Word Count and Grep [107, pp. 79–80] are two of the case studies constructed in C++ in

Dean and Ghemawat’s MapReduce paper [41]. Here we show how, with the appropriate rough-

grained functions, they can also be described in Martlet. In Section 6.2.3 we discussed future

work could include the ability to embed other languages into a Martlet workflow. In this case,

it may be possible to construct components such as these without the need to have specific

functions deployed within the framework. However in a framework intended for analysing

large volumes of text, it is not unreasonable to expect such functions to be available.

Figure 5.5 shows the code for a distributed Grep. This code uses a fold for the reduction

operation to limit the parallelisation; this is done because the transport costs will be much higher

than the computation costs. In Figure 5.6, we have the code for a distributed word count, taking

a distributed string of words as an input, and returning a string of words and a vector as outputs.

5.2.1 Analysis

Due to the highly data dependent nature of these functions, empirical tests would provide a min-

imal additional insight over that already gained through the previous case study. As such, we

are only going to consider the time complexities under the assumption of sensible implementa-

tions of the called lower-level functions. Making these assumptions, Grep has an average time

complexity for the base case of O(n) and a worst case of O(n2). For the inductive case, Grep

has a time complexity of O(1). Word Count has an O(n) time complexity for both the base
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// Declare URI abbreviations to improve the script readability
define
{

uri1 = BaseFunction:system:http://cpdn.net:8080/Martlet;
}

proc(input, pattern, output)
{
// Declare the required local variable for the computation. This will store
// the result of grep on each local data structure.

localGrep = new DisString(input);

// Grep the local data structures,
map grep:$uri1$(input, pattern, localGrep);

// and concaternate the results into the output.
foldr stringConcatenate:$uri1$(output, localGrep, output);

}

Figure 5.5: The Martlet code for a distributed Grep. Foldr is used because transport times will
be larger than the computation times.

// Declare URI abbreviations to improve the script readability
define
{

uri1 = BaseFunction:system:http://cpdn.net:8080/Martlet;
}

proc(input, outputWords, outputFrequency)
{
// Declare the required local variables for the computation. These will
// store the results from each local data structure.

localWords = new DisString(input);
localFrequency = new disinteger(input);

// calculate the word count for each local piece,
map

wordCount:$uri1$(input, localWords, localFrequency);

// and merge the results.
tree((words1, words2)\localWords -> outputWords,

(frequency1, frequency2)\localFrequency -> outputFrequency)
wordFrequencyMerge:$uri1$(words1,

words2,
outputWords,
frequency1,
frequency2,
outputFrequency);

}

Figure 5.6: The Martlet code for a distributed word count, taking a distributed String of words
as an input. It returns a String of words and a column vector holding the frequency of each word
in the order it appears. Note that each word will appear in the output vector only once.
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case and the inductive case. However, in the inductive case, n is the size of the data from the

previous step, not the size of the original input. With this in mind, while it would be expected

to see higher data transfer times and execution times for these functions, it is not expected that

the profile of the other times would differ much for that seen in the North Atlantic Oscillation.

5.3 Singular Value Decomposition

An example of the more advanced analysis techniques we would like to perform, which requires

more than a single pass over the dataset, is the Singular Value Decomposition (SVD) of a matrix.

The SVD of a matrix A is a factorisation that breaks the matrix down into three matrices, U , Σ

and V T , such that:

Am×n = Um×mΣm×nV T
n×n

Here, Σ is a nonnegative, diagonal matrix, containing the singular values of A, and with the

constraint on that all entries σi,i ≥ σi+1,i+1. U and V are orthogonal, with the column vectors

of V containing the corresponding singular vectors of A, and U containing the normalisation of

their images under A.

This is of interest because, the property that V contains the singular vectors means that the

maximum size change of a p dimensional subspace under the mapping defined by A can be read

from Σ and the column vectors in V . This property is used in image processing, signal process-

ing, and gene recognition techniques to remove less significant information from the mapping.

In these cases, the SVD is computed, and the smaller entries of Σ are zeroed. The factorised

matrices are then multiplied back together to produce a low-rank matrix that contains the most

accurate possible space transformation defined with the reduced number of dimensions.

The SVD is of interest to climateprediction.net because the leading vectors in V give a

linear combination of the model runs that affect the output most. This can then be indexed

back against the original perturbed condition from which the models were run to determine the

perturbations that make the biggest difference to the model.

The are several algorithms for calculating the SVD of a matrix. We first consider the Golub-

Kahan method and the Lanczos method and evaluate them with respect to their applicability

both to the loosely coupled distributed target environment provided, and to the programming

model provided by Martlet. Then we examine a method proposed by the author and Hauser [68],
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this method is specifically designed with large highly distributed datasets in mind.

5.3.1 Golub-Kahan Method

The classic way to produce an SVD is the Golub-Kahan method [58, pp. 452–457]. This uses

Givens rotations, and potentially Householder matrices [58, pp. 208–221] to stepwise construct

the factorisation.

Givens Rotations

A Givens Rotation G(i, k, θ) is a counter-clockwise rotation by an angle of θ in the (i, k) coor-

dinate plane. This can be used to zero individual elements within a matrix by carefully choosing

the value of θ. A Givens Rotation defines an orthogonal matrix as follows.

G(i, k, θ) =
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where

c = cosθ

s = sinθ

Householder matrices are similar; however, they perform a reflection that allows all but

one entry in a column or row to be zeroed in a single step, instead of the repeated application

required when using Givens Rotations. We will only mention Givens Rotations here though, as

they are more appropriate to parallel applications.
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Using Givens Rotations to Compute the SVD

The monolithic way of computing an SVD is to use Givens rotations or Householder matrices

to produce a bidiagonal matrix B such that A = UBV T , where U and V are orthogonal

matrices [58, pp. 251–252]. Then, through an iterative sequence of Givens rotations, the off-

diagonal elements are pushed towards zero until they are small enough to be deemed to be zero.

Calculating appropriate permutation matrices to ensure the diagonal entries are monotonically

decreasing completes the SVD. This method has some promise for parallelisation, because each

Givens rotation only affects two rows and two columns.

Existing research into parallelisation of the SVD using Givens rotations is mostly aimed

at real-time signal processing on closely coupled processors [10, 21, 22, 23, 131, 132, 133].

However, some of the ideas may extend to less closely coupled machines.

The factorisation shown in these papers is not quite the same SVD as described, as it has

the requirement that m ≥ n and Σ is square. This means U is no longer explicitly square. As Σ

is diagonal, the non-calculated part of U does not affect the factorisation, and is just restricted

to being the orthogonal complement of the calculated part of U . Therefore, it can be calculated

separately if it is required. This alternative factorisation of the SVD is sometimes called the

“thin SVD”.

This technique first creates an orthogonal matrix V such that

AV = W

where W has orthogonal columns. It then factorises W such that

UΣ = W

where each column in U has unit norm. This is done by iteratively building V as follows.

Initially

V 0 = I

and

A0 = A

Then for every pair of columns in A, a plane (Givens) rotation is applied to make them orthogo-
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nal to each other. This entire process is iterated until all the columns are effectively orthogonal.

Each transformation that is applied to A has its inverse applied to V . This increments k and

preserves the relationship

Ak(V k)T = A

As all of the transformations are orthogonal, the orthogonal nature of V is also preserved.

Summary

This method is not practical for the proposed environment, because the whole of the SVD must

be calculated and this has a space requirement of O(mn), which in the case of CPDN, equates

to somewhere between 4.5TB and 14TB of storage. If each iteration is taken to be when every

vector in A has been normalised against every other vector in A, then for each iteration, every

vector in A is at some point on the same computing resource as every other vector in A in order

to have a rotation applied. Moving vectors around to achieve this creates a communication

complexity of O(mn) also equating to somewhere between 4.5TB and 14TB for CPDN per

iteration, of which there may be many.

5.3.2 Lanczos Method

Another technique is the Lanczos method [58, pp. 495–496]. This technique makes it possible

to calculate just the leading part of the SVD for A ∈ R
m×n, thereby reducing the storage,

communication and time complexity of the problem. It does this by incrementally calculating a

bidiagonal matrix B such that B = U T AV , where UT U = I and V T V = I , and using the fact

that the singular values of B are the same as the singular values of A. Describing U , V , and B

as follows:

U = [u1, . . . , um]

V = [v1, . . . , vn]
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and

B =

























α1 β1 · · · 0

0 α2

. . . ...
. . . . . . . . .

... . . . . . . βn−1

0 · · · 0 αn

























and considering the equations AV = UB and AT U = V BT , we obtain for k in the range [1..n]:

Avk = αkuk + βk−1uk−1

AT uk = αkvk + βkvk+1

β0 ≡ 0

βnvn+1 ≡ 0

From these it is possible to create a loop and initialisation condition to calculate all the

values of B, U and V . This is done by defining

rk = Avk − βk−1uk−1

pk = AT uk − αkuk

giving the following equations

αk = ±‖rk‖2

uk =
rk

αk

βk = ±‖pk‖2

vk+1 =
pk

βk
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Summary

This technique is good with sparse matrices because it does not alter A, and is used extensively

in search engines because of this property. It has good space, time, and communication com-

plexities; however, it requires vector multiplication by A and AT during every iteration. This

means every node in the system is interlocked at every iteration. For a distributed system, such

a level of interlocking is inappropriate, as communication latency will become a limiting fac-

tor, and the reliability of nodes is not guaranteed. This makes this method inappropriate for

distributed systems, as well as impossible to implement in Martlet.

5.3.3 A Variation on the Block-Lanczos Method

In [68] we propose a technique based on the Lanczos method, that provides the loose coupling

required for such environments. This technique works by separately computing the p leading

entries of the SVD for the data stored locally on each node. The SVDs of two parts of the data

structure can then be combined and used as a new local dataset. This combined dataset is a

fraction of the size of the original two, so overcoming the problems of data size. This process

can then be iterated, creating a loosely coupled tree of execution, allowing for the computation

of arbitrarily large datasets. An example of this occurring for a tree containing three leaves is

shown in Figure 5.7. If required, the result can be taken and used to seed another iteration, so

ensuring a high level of accuracy is in the final result.

Both the branch and leaf nodes of the tree have the same core function, and only differ in

the mappings used to map from the input and output of this core function to the input and output

of the node itself.

Core Function

The core calculation just requires a single input matrix A ∈ R
m×n, and returns two matrices

W and V equivalent to UΣ and V in the SVD of A. This calculation relies extensively on a

factorisation called the QR factorisation [58]. In a QR factorisation the input matrix is factorised

into two matrices Q and R where Q is an orthogonal matrix and R is an upper triangular matrix.

A matrix Q is initialised as a seed by the following equality to provide an orthogonal matrix

draw form the initial input data.
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Figure 5.7: An outline of the flow of data for a tree with three leaf nodes.
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QR = qr























A1,1 · · · A1,2p
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Am,1 · · · Am,2p
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The following assignments are then iterated until the normalised change to Σ is less than

some error ξ.

UΣV T = svd(AQ)

X = Q











V1,1 · · · V1,p

... . . . ...

V2p,1 · · · V2p,p











Q′R′ = qr
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U1,1 · · · U1,p

... . . . ...

Um,1 · · · Um,p
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m,1 · · · Q′
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This method does use an invocation of another singular value decomposition internally,

however this invocation is on the matrix AQ, which is n × 2p, so far smaller than the original

matrix A. The complexity of this call can be reduced further because of the knowledge we

posses about the shape of the input matrix. First we construct U ′ and P ′ such that;

U ′P ′ = qr(AQ)

then we compute the SVD of P ′ such that;

U ′′ΣV T = svd(P ′)

as P ′ is a 2p×2p matrix this SVD is very quick. We then complete the SVD by the constructing

U with the statement U = U ′U ′′. This gives an overall complexity for the internal SVD of
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O(mp2).

Once Σ has converged in the core iteration, the matrices to return are generated by the

assignments

V =











Q1,1 · · · Q1,p

... . . . ...

Qm,1 · · · Qm,p











W = A











Q1,1 · · · Q1,p

... . . . ...

Qm,1 · · · Qm,p











Leaf Nodes

For leaf nodes as A is the local dataset, A can be used directly and, V and W require no

additional work so are returned as they are. This is shown in Figure 5.8.

Branch Nodes

Branch nodes can have an arbitrary number of children, but for the sake of this example we will

assume that they only have two children. This means they will receive the values W1, W2 and

V1, V2 as input. A is then defined as;

A =
[

W1 W2
]

After the core function is applied to A the returned values Wc and Vc need mapping to W

and V ready to be returned. W does not require a transformation, but Vc needs the information

about how the columns in W map to the columns in the original dataset. This is defined by the

relationship;

V =





V1 0

0 V2



Vc

This data flow can be seen in Figure 5.9.
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Figure 5.8: An outline of the flow of data within a leaf node.

The Final Step

Once the tree has been evaluated, and the matrices W and V have been produced, it is necessary

to construct U and Σ. Σ is produced by taking the Σ from the last call of the core function, and

sub-setting it to a p×p matrix containing the first p values. U is then produced by the statement

U = WΣ−1. Thus completing the SVD of the leading p vectors and values.

Summary

This method provides the required loose coupling to implement in the environment presented

by CPDN, and also demonstrates some other very appealing properties. These properties and its

performance are discussed in Section 5.3.6 after we have introduced a Martlet implementation

in the next section and in Appendix Section D.2 a Matlab [81] implementation that was used in

the analysis.
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Figure 5.9: An outline of the flow of data within a branch node.
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5.3.4 Martlet Code

Because of the loose coupling provided by the variation on the Block-Lanczos method, we are

now able to introduce Martlet code implementing an SVD of a large, dynamically partitioned

and distributed dataset. The body of this function first uses a map statement to construct the

initial R and V values before using a tree statement to reduce these local answers to a single

answer representing the leading p vectors and values for the entire distributed matrix A. To

achieve this, it uses two helper functions shown in Figures 5.10 and 5.11. The first of these

encapsulates a single iteration of the statements in the core function, and second uses this to

construct a single method that represents the complete core function. These mean that the main

method only has to manage the marshalling of the inputs and outputs for the application of this

core method to the leaf and node cases.

// Declare URI abbreviations to improve the script readability
define
{

uri1 = BaseFunction:system:http://cpdn.net:8080/Martlet;
localCalculation =

4298:Function:daniel:http://cpdn.net:8080/Martlet;
}

proc(A, U, S, V, P, err)
{

splitU = new DisMatrix(A);
splitS = new DisMatrix(A);
splitV = new DisMatrix(A);

map
{
two_P = new Integer(A);
numberSum:$uri1$(P, P, two_P);

readOnlyTranspose:$uri1$(A, splitV);
matrixHorizontalSplitLeft:$uri1$(splitV, splitV, P);

$localCalculation$(A, splitV, splitS, P, two_P, err);

matrixMultiply:$uri1$(A, splitV, splitU);
}

tree((U1, U2)\splitU->U, (S1, S2)\splitS->S, (V1, V2)\splitV->V)
{
Width = new Integer(V1);
T = new Matrix(V1);

matrixCardinality:$uri1$(V1, Width);
zeroMatrix:$uri1$(T,Width,P);
matrixConcatenation:$uri1$(V1, T, V1);
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matrixCardinality:$uri1$(V2, Width);
zeroMatrix:$uri1$(T,Width,P);
matrixConcatenation:$uri1$(T, V2, V2);

VT = new Matrix(V1);
matrixVerticalConcatenation:$uri1$(V1, V2, VT);

A = new Matrix(V);
matrixConcatenation:$uri1$(U1, U2, A);

two_P = new Integer(A);
numberSum:$uri1$(P, P, two_P);

Q = new Matrix(V);
readOnlyTranspose:$uri1$(A, Q);
matrixSplitTop:$uri1$(Q, Q, P);

$localCalculation$(A, Q, S, P, two_P, err);

matrixMultiply:$uri$(A, Q, U);

matrixMultiply:$uri$(VT, Q, V);
}

readOnlyTranspose:$uri1$(V,V);
matrixSplitLeft:$uri1$(V,V,P);

matrixSplitLeft:$uri1$(S,S,P);
matrixSplitTop:$uri1$(S,S,P);

matrixSplitLeft:$uri1$(U,U,P);
ST = new Matrix(S);
inverseMatrix:$uri1$(S, ST);
matrixMultiply:$uri1$(U, ST, U);

}

5.3.5 Alternative Data Partitionings

The algorithm as described here is only able to construct the SVD of data that is partitioned via

a column-wise split, however through the use of recursion and transposition it is able to handle

a much large set of data partitionings.

The first step is to handle the case where the data is partitioned row-wise instead of column-

wise. Simply running the algorithm as normal over this data, and then transposing the result

achieves this. Having handled the case where the data is partitioned row-wise it is now possible

to hand the case where the data is split into blocks as shown in Figure 5.12. This is achieved

by first calculating the leading part of the SVD for each block. Then by grouping together

all blocks that appear in the same column, and using the algorithm for calculating SVDs over

row-wise partitioned data on each of these groups it is possible to construct the leading part
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// Declare URI abbreviations to improve the script readability
define
{

uri1 = baseFunction:system:http://cpdn.net:8080/Martlet;
}

proc(A, Q, S, P, two_P)
{

N = new Matrix(A); // A sink for unrequired results
// Temporary values for the calculations
T = new Matrix(A);
U = new Matrix(A);
V = new Matrix(A);
X = new Matrix(A);

matrixMultipy:uri1(A, Q, T);
SVD:$uri1$(T, U, S, V);

MatrixSplitLeft:$uri1$(V, V, P);
matrixMultipy:$uri1$(Q, V, X);

MatrixSplitLeft:$uri1$(U, U, P);
readOnlyTranspose:$uri$(A, T);
matrixMultiply:$uri1$(T, U, T);
thinQR:$uri1$(T, Q, N);

MatrixSplitLeft:$uri1$(Q, Q, P);
matrixConcatenation:$uri1$(X, Q, Q);
thinQR:$uri1$(Q, Q, N);

MatrixSplitLeft:$uri1$(Q, Q, two_P);
}

Figure 5.10: The Martlet code for a single local iteration of the SVD algorithm. The code is split
such that each block represents one line in the Matlab code in the Appendix. This code could
be adjusted such that T and N are the same variable to save space; however, to aid readability,
this is not done here.

of the SVD for each column. From this point it is then possible to use the original algorithm

configuration to complete the result.

5.3.6 Analysis

The variation on the Block-Lanczos method implemented in this section has appealing proper-

ties, that allow it to compute just the leading part of the SVD in a rough-grained fashion, and

without altering A. As the dataset can be broken down into a large number of small, indepen-

dent pieces, the SVDs can be constructed from arbitrarily large datasets, and it is not necessary

for the dataset to be complete at the time the calculation is started, as new data can be added

to the tree in the form of a new leaf node at any time. For example, in the case of CPDN,
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// Declare URI abbreviations to improve the script readability
define
{

uri1 = BaseFunction:system:http://cpdn.net:8080/Martlet;
SVD_iteration = 3345:Function:daniel:http://cpdn.net:8080/Martlet;

}

proc(A, Q, S, P, two_P, err)
{

oldS = new Matrix(A);
twoNorm = new Double(A);

matrixCopy:$uri1$(S, oldS);

$SVD_iteration$(A, Q, S, P, two_P);

matrixSubtract:$uri1$(S, oldS, oldS);
twoNorm:$uri1$(oldS, twoNorm);

while( twoNorm > err )
{
matrixCopy:$uri1$(S, oldS);

$SVD_iteration$(A, Q, S, P, two_P);

matrixSubtract:$uri1$(S, oldS, oldS);
twoNorm:$uri1$(oldS, twoNorm);

}
}

Figure 5.11: The Martlet code for the local calculation of the SVD. It is split up such that each
block represents a line of Matlab code in the Appendix.

this means that the SVD could be calculated for an initial set of columns. Then, when some

additional results have been returned, instead of having to perform the calculation for the entire

dataset again, it is possible to do the calculation just on the new results, and then use a branch

node to combine this result with the existing result.

This is possible because this algorithm is only building results based on the largest p dimen-

sional subspace from each of its children. It is therefore possible for it to not return the correct

vectors and values as information is lost at each level of the tree. There are two main ways this

can be overcome: First we can restart the calculation, using the output from the last iteration,

instead of the QR of the first p vectors of A as a seed, thereby feeding the most significant

information from the last iteration back into the calculation. Second, if the singular vectors are

distinct enough, we can increase p to a slightly larger value than required. This results in the

calculation of additional vectors, which carry sufficient additional information too ensure that

the required vectors remain accurate. The extra vectors can then be discarded once the calcu-



5.3 Singular Value Decomposition 97

A1,1

A1,2

A1,3

A1,4

A1,5

A2,1

A2,2

A2,3

A2,4

A2,5

A3,1

A3,2

A3,3

A3,4

A3,5

A4,1

A4,2

A4,3

A4,4

A4,5

Figure 5.12: An example of a matrix A split both column-wise and row-wise. The SVD al-
gorithm in Section 5.3.3, can be used on this matrix partitioning by, first running it on each of
the individual elements, then grouping the results from these to form four sets of row vectors,
represented by the grey dashed boxes. These groups can then have the method applied to each
of them, producing four sets of column vectors. A final application of the method to these
produces a single result for A.

lation is completed. Further analysis is required to work out the exact relationship between the

type of input data, and the number of excess vectors required in order to maintain accuracy.

Once such information is available, the possibility of an adaptive algorithm presents itself.

Simulation

As the SVD returned by this algorithm is only an approximation, the algorithm was imple-

mented in Matlab [81] to test the accuracy of the results. This Matlab code can be seen in

Appendix Section D.2. To ensure that an accurate comparison with the output results was pos-

sible, the starting matrix A was constructed by first constructing the matrices U , Σ and V that

represent the matrices produced by an SVD. Then by multiplying these matrices together we

produce an A that satisfies UΣV = SVD(A). This gives us a matrix A and the correct result

of an SVD of A.

Three tests were chosen to measure the error in the returned results. They take the actual

vector va and the returned vector vr, and can be expressed as:
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1. the angle between va and vr

∣

∣

∣

∣

(

arccos
va · vr

‖va‖2‖vr‖2

)

mod π

∣

∣

∣

∣

2. the relative lengths of va and vr under A

∣

∣

∣

∣

‖Ava‖2

‖Avr‖2

− 1

∣

∣

∣

∣

3. the angle between va and vr under A

∣

∣

∣

∣

(

arccos
Ava · Avr

‖Ava‖2‖Avr‖2

)

mod π

∣

∣

∣

∣

Using the simulation and these tests, the algorithm was tested against the following proper-

ties:

Matrix Size This showed the interesting property that as the size of the matrix increased, the

accuracy of the approximations improved.

Tree Depth This showed that for a single node the answers are accurate to machine precision.

The change to a tree introduced small errors, which increase very slowly as the tree depth

increases and are insignificant relative to the error increase between a given vector and

the next most significant vector.

Value of p Here the accuracy of vectors on a large tree was measured as the number of returned

vectors was increased. This showed that the only vector with significant errors was the

least significant vector. As discussed, rerunning the algorithm and seeding each of the

leaf nodes with the output from the first iteration, so avoiding the loss of data, could

remove this error.

All results are included in Appendix Section D.1. These results show a high level of accu-

racy is possible for very large, highly-distributed matrices with relatively little communication

and processing required. Collectively these results represent a dataset in the order of the size

presented by CPDN.
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Algorithm Complexities

The only tight complexities that can be calculated for this algorithm are space and communica-

tion complexities, which in both cases are O(np+mp). The time complexity is data dependent,

as while upper bounds can be calculated [68] for the number of iterations of the core function

before convergence, the speed of the convergence is dependant on data in question. As such,

timing data gathered from running this algorithm over the CPDN dataset would tell us very

little, as it would not be possible to separate out the effect of the different datasets. The time

complexity for each iteration of the core function is less than O(nmp) where p << n,m.

Graphs showing the number of iterations before convergence for different size sample matrices

with different p values are included in Appendix Section D.1.3. These show that, with the ex-

ception of very small matrices, the number of iterations of the core function required at each

node is small and constant for a given style of data.

Comparing the SVD to the other case studies, there is no evidence that the distributions of

the times varies from that observed with the mean, aside from the larger time complexities of

the implemented algorithm and the quantifiably larger data transport costs. This means that as

the size of the dataset increases, so does the time for the initial mapping to return, though the

rest of the algorithm remains unchanged. By increasing the number of servers on a large dataset,

the execution time for this algorithm for a given value of p goes down. This occurs because the

most expensive step is the map; however, this is at the cost of accuracy, due to the increasing

number levels in the tree. This therefore requires an increase in the value of p to get the same

number of leading vectors to the same accuracy. Because of the ratio of processor power to

network bandwidth, the optimal partitioning is highly dependent on the operating environment.

5.4 Summary

In this chapter, we have introduced four varied, real-world case studies of differing complexity.

We then have gone on to demonstrate how solutions to these can be implemented with Martlet

and its associated programming model. These solutions vary from trivial variations of existing

algorithms, to the development of new algorithms. These new algorithms, as well as fitting this

new programming model for dynamic distributed utility computing, are still applicable to other

languages used in less dynamic environments, and their discovery raises the interesting possi-

bility of a whole class of new algorithms waiting to be discovered once people start thinking in
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terms of this new model.

In addition to validating the programming model’s descriptive power, we have also shown

that an implementing middleware is able to hold desirable properties such as low transport, com-

munication, and marshalling overheads in a way previously unmanageable in such a dynamic

environment.



Chapter 6

Analysis

In this chapter we will examine how Martlet compares with some of the more comparable tech-

nologies introduced in Chapter 2. We then go on to examine how Martlet and its supporting

middleware might develop into a fuller language that is better integrated into existing frame-

works.

6.1 Comparison With Other Technologies

We have found no distributed projects that are able to adjust at runtime to reflect the partitioning

of the data they are analysing. As such, a direct comparison with other projects has not been

possible. Therefore, in this section, we will examine how Martlet compares with other func-

tional and functionally inspired coordination languages, namely Functional Skeletons [39, 40],

Data Parallel Haskell [29], and MapReduce [41]. These pieces of work use data structures and

functional constructs to abstract the complexity of distributed and parallel systems.

6.1.1 Functional Skeletons

As discussed in Chapter 2, Functional Skeletons are used for programming clusters and parallel

machines, where, as the name suggests, they provide a framework on which programs can then

be constructed. The idea is that the skeleton provides all of the boilerplate code for process

interactions with a specific architecture and using a particular function pattern. All the pro-

grammer has to do is flesh out the skeleton with the code describing what the program should

do between these interactions by using techniques such as the provision of call back functions.

Then, when a program is ported to a different architecture, the corresponding skeletons to sup-
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port the program will have already been constructed, and all that will be required is for the

code to be recompiled before it can be executed. The critical difference between this work and

Martlet is that the pre-constructed skeletons are changed not to match the data, which changes

from execution to execution, but to match the architecture, which is static for extended periods

of time. As a result, skeletons tend to be very static, requiring significant input from the person

who constructs them. This means skeletons are not currently applicable to the target problem

domain.

However, if Martlet was scaled back to only include the expandable constructs and an ex-

isting language were used to describe the functions, calling, and being called by these. Martlet

could then in many ways be thought of as a set of dynamically-constructed functional skeletons,

which users use to coordinate programs as all the inter-process interactions would be hidden in

the expandable constructs.

6.1.2 Data Parallel Haskell

In the 90s the NESL language [14] implemented Data-Parallel Computing [13], allowing the

production of nested data structures that allowed more efficient implementations of parallel

languages. This work is now being used by the Data Parallel Haskell project as a starting point

for embedding a programming model that uses nested data parallelism into the Glasgow Haskell

Compiler. This will greatly reduce the complexity faced by the user when trying to construct

parallel programs, by making large parts of the parallelisation implicit. To achieve this, they

have constructed two classes of data structure: the standard Haskell data structures, and parallel

arrays. These can be considered in many ways analogues to the local and distributed data

structures in Martlet. From these two types of data structure, it is then possible to automatically

flatten structures, and then apply more conventional techniques to work out when it is safe to

farm out function invocations to different threads to execute on different resources. An example

of parallel arrays can be seen in Figure 6.1.

While Data Parallel Haskell is using a similar approach to the construction of data structures,

and has produced good results so far, it is still very much a work in progress. It is currently

aimed at parallel architectures and closely coupled machines, where the data can be thought of

as a single piece. As such, it does not cover the same ground as Martlet. However, it would

be fair to say that this research represents the application of the same ideas, where abstract

data structures and constructs hide the complexity of parallelisation from the user, to a different
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In data parallel Haskell, parallel arrays are denoted by the syntax [:,:]. So a dense vector of
floating points could be constructed by the type declaration;

type Vector = [: Float :]

and a sparse vector could be represented as;

type SparseVector = [:(Int, Float):]

where the integer is the index of the non-zero elements in the vector, and the float is their value.
This could then be used to construct a sparse matrix through the declaration:

type SparseMatrix = [:SparseVector:]

Because the parallel nature of the data structures is part of the type of the language, it is
now possible for the user defined functions and the provided libraries to contain definitions
taking this into account. The complier can then use these definitions to automatically separate
parallel threads on different resources as required. An example of this is the dot product of a
SparseVector and a Vector using the library function sumP :: [:Float:] -> Float,
and array comprehension:

dotp :: SparseVector -> Vector -> Float
dotp sv v = sumP [: x * (v!:i) | (i,x) <- sv :]

First this produces another Vector by drawing the elements from sv and multiplying them with
their counterparts in v. Here ! means indexed by, so (v!:i) produces the element in v
indexed by i. The sum of this new Vector is then computed in parallel to complete the dot
product.

Figure 6.1: An example to the construction and use of parallel arrays in Data Parallel Haskell.
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problem domain.

6.1.3 MapReduce

Independently developed at the same time as Martlet, MapReduce is one of the programming

models created for programmers writing parallel applications at Google. This, like Martlet,

uses functional constructs to abstract the parallelisation. Users specify three functions, one to

be mapped over the raw data, one to partition this output into pieces for the next step, and

one to be mapped over the output of the first two functions, reducing it to a set of results. A

diagram outlining a complete MapReduce can be seen in Figure 2.1 on page 37. Google’s

implementation of this model is an API that works with the Google File System [57], allowing

efficient scheduling of parallel calculations on data, while abstracting the complexity of the data

storage and processing.

This highly successful model is aimed at the internal work of Google programmers, and

is not appropriate for the environment targeted by this project for a range of reasons. Its rigid

structure expects the user to write code in a fine-grained programming language such as C++,

this requires users to be trusted, which is not a realistic restriction for many Grid applications

including CPDN. The model also requires that the user supply information about the architec-

ture that they wish to execute over; however, it should be possible to remove this requirement.

Finally, it has issues with the amount of network traffic generated between the completion of

the map stage and the start of the reduce stage, even in an environment such as Google. This is

because all of the potentially huge output from the map phase must be sorted and redistributed

before the reduction phase can begin.

However, it is interesting to compare the algorithms that can be run using MapReduce and

the algorithms that can be run using Martlet, especially in the light of the discussion on ex-

tending Martlet and on using Martlet to improve the utilisation of clusters and Condor Pools

that appears later in this chapter. In Dean and Ghemawat’s paper on MapReduce [41], three

algorithms are discussed: a distributed Grep, a distributed word count, and a distributed sort.

Of these, Martlet is able to describe both Grep and the word count example. However, due to

the high network capacity it requires, there is currently no construct for partitioning and sorting

data from one distributed data structure into another, as occurs in the phase between the map

and the reduce step in MapReduce. As such, it is not possible to implement sorting of large

datasets in Martlet. This is due to the fact that in a sort, the answer size is equal to the input
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size, and, unlike MapReduce, where the reduction operation is just another mapping, Martlet

employs a parallel prefix [74] and an accumulator style of reduction. Thess styles of reduction

limit the final output to the size that can fit on a single machine, and the original premise for this

work was that it was not possible to put all the data on one machine, so it had to be distributed.

There are algorithms that MapReduce cannot describe. Because MapReduuce only per-

forms reductions through the use of a second Map, and because the structure of a MapReduce

is very rigid, it is not possible in MapReduce to perform any calculation that requires a par-

allel prefix style reduction. While this does not affect Google and the style of calculations

often performed in their operation, it does prevent MapReduce from describing a large class of

problems.

An example of this is one of the analysis operations described in Chapter 5, a singular

value decomposition returning the leading p vectors. This cannot be done efficiently using the

MapReduce model, as the fixed number of steps — one map and one reduce — in any individual

MapReduce prevents the steady merging of results from a range of separate locations. As

such, while it is possible to chain together many MapReduces to make very complex analysis

functions, it is not possible to describe a parallel prefix style reduction, so preventing such

algorithms being described.

6.2 Further Development

In this section we examine ways Martlet can further develop in the future. These extensions fall

into two specific categories: How Martlet might be extended so that it can operate in environ-

ments other than the prototype middleware that has supported it so far; and how the language

itself may be developed to both improve its usability and extend the class of algorithms to which

it is applicable.

6.2.1 Building on Other Workflow Engines

At runtime, when concrete values have been provided, the abstract Martlet functions are con-

verted into concrete functions for execution. These concrete functions then contain only opera-

tions that are supported by a range of other workflow languages. As such, one logical develop-

ment would be to provide a means by which these could be executed on existing middleware.

This could be achieved by cutting back the Martlet middleware to just the data stores and the
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process coordinator. These could then sit on top of existing workflow engines as a layer support-

ing the construction of distributed data structures and the submission of abstract functions. This

would then allow Martlet functions to be run on a wide range of middleware, in conjunction

with a wide range of existing projects.

One of the neater ways to provide an interface between these layers is through the construc-

tion of a set of Just In Time (JIT) compilers for different workflow languages. If JIT compilers

were used, the process coordinator would, just produce an XML document describing the con-

crete task instead of scheduling tasks across many machines. The JIT compliers would then

perform an XML transformation to produce the language of choice, which could then be sub-

mitted to the appropriate underlying workflow engine. This would allow compilers for a range

of languages to easily be produced, allowing this layer to be placed on top of a wide range

of existing resources with minimal effort. This would extend their use without affecting their

existing functionality. Such an extension would not only allow Martlet to provide extended

functionality to a wide range of distributed computing applications, but also allow Martlet users

to draw on all the work that has gone into these existing workflow projects. An outline of a

request in this model is included below. Note that while they appear as single entities here, both

sets of middleware could span many machines and locations.

JIT

Compiler

Client
Martlet

Middleware

Existing

Middleware

Data Structure
Construction Request

Martlet Workflow

Execution Request

Expanded
XML Workflow

Workflow in
Traditional
Language

Resulting
Data Structures

With this extension in mind, a function constructor and a function object have been produced
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to take a function, a set of arguments to apply this function to, and a string. These, when

executed, produce an XML document that represents the structure the function would take if

executed over the provided arguments.

When these are invoked the function object copies and expands the function in the same

way it would if it was going to execute it as normal. However, instead of next calling the

scheduler and its visitors to distribute and execute the function, it uses a different visitor to

construct a DOM tree [67] representing the expanded function. A graphical representation of

the schema for this DOM tree can be seen in Figure 6.2; the source for the schema is in Appendix

Section B.1. Once constructed, the DOM tree is then parsed into a string, which is stored in the

string argument. It then can be retrieved through the publication of the string argument.

Using this system, an XML definition of the expanded syntax tree of the average function

used in the example in Section 3.4 has been produced and can be seen in Appendix Section B.2.

For each element, all the arguments needed to satisfy its subelements are listed. While this

makes the description verbose, it was decided to do this as it is unknown which languages this

XML will be transformed into, and it is easier to discard redundant information, than it is to

regenerate missing information.

6.2.2 Working with Clusters and Condor Pools

The ability to move Martlet functions from the existing middleware onto other platforms pro-

vides the interesting possibility of using Martlet to improve the utilisation of clusters and Con-

dor Pool style environments. While Martlet was constructed to allow functions to be run on

arbitrarily partitioned data, it achieves this by partitioning the function into smaller functions

at runtime. Therefore, if the data is in a form that can be automatically partitioned through the

application of a cutting function at runtime, and the function is written in Martlet, then a job can

be split into lots of smaller jobs like in MapReduce. This provides three benefits.

First, it provides another means for big jobs to be made parallel in environments such as

clusters and Condor Pools. This can reduce the complexity that the user has to handle. While

this may never be as good as handcrafted solutions, it has been shown, by the uptake of user

friendly software that allows people to easily use many computers to tackle “embarrassingly

parallel” problems, that there is a wide range of problems that do not require the highest level

of refinement, and can benefit from more accessible parallel programming models.

Second, there is potential to improve the performance of such environments if they handle
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Figure 6.2: A graphical representation of the XML Schema describing the structure of XML
documents produced to represent expanded Martlet functions. Most element names make their
type obvious; all “Child” elements are of type “Statement”. As the functions are expanded it
does not include any expandable constructs.
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Figure 6.3: The outline execution cycle for a JIT compiler building on a Condor Pool or cluster.

large, but infrequent jobs. This is possible because Martlet makes it easier to make jobs arbi-

trarily parallel. This means where Condor traditionally uses lots of jobs to use lots of resources,

and if there are not enough separate jobs, some resources went unused. Martlet allows one big

job to be cut into many smaller jobs, so ensuring all resources are used.

Third, with e-Science projects trying to make clusters available as shared online resources,

efficient scheduling of jobs is a problem, as the resource that the job will be sent to is not known,

therefore it is not possible to design a job by hand such that it uses all available resources. This

means that it is reasonable to assume that at any time, half the number of processors required

for an average job will not be used on a resource. Martlet and the use of “cutting functions”

creates a means by which the job can make the number of processors required variable. This

allows the middleware to automatically change the number of processors needed to match the

number that are free. This in turn makes it easier to schedule jobs on these resources such that

all processors are in use, so improving performance.

An outline of the execution cycle built by extending the JIT execution cycle is shown in

Figure 6.3. Note that this only adds one additional component to those already used in the

JIT model, and does not interfere with the existing functionality of such resources, making its

deployment very appealing.
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6.2.3 Embedded Languages

The Martlet language can be spilt into two logical parts: The expandable constructs, which can

be thought of as a coordination language for handling the abstraction of partitioned data; and

the normal constructs, which are a coordination language for chaining together rough-grained

functions into a single function that can then be run atomically.

This second language is similar to many other workflow languages, and while it is very pow-

erful, it lacks the ability to interact with many of the resources that have caused the spawning

of so many other workflow languages. To address this we could try to add all of the necessary

functionality to interact with these resources, and try and keep track of the new features that are

required, but ultimately, no matter how hard we tried, we would always be slightly behind the

source languages.

Alternatively, we could provide the means to embed these existing languages into Martlet

functions, allowing the user to take advantage of the other language’s domain-specific content.

While applicable to the stand-alone middleware, this would really come into its own if Martlet

were running via a JIT compiler on top of a middleware that already supports the embedded

language. This raises the possibility of different variants of Martlet that support different em-

bedded languages, allowing the user to choose a variant that is both supported by the JIT covered

middleware, and provides the appropriate domain-specific properties.

The idea of a range of different variants of Martlet with different domain-specific properties

and levels of descriptiveness has another advantage. With CPDN, it was relatively easy to

decide which functions we would support, as we could choose to just wrap the functionality of

the Climate Data Analysis Toolkit [24], and we did not want too provide to much power to the

user, as we want to make this resource open to the public. For many projects, it is not the case

that they can so easily produce a set of suitable functions or that their users are not trusted. With

the different variants of Martlet with different embedded languages, it would then be possible

to make Martlet more descriptive for trusted users, while still having safer versions, such as the

original, for less-trusted users. This would make it easier for resource administrators to decide

in advance which domain specific jobs will be supported, and to grade the levels of access they

provide to their resources.
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6.2.4 Additional Expandable Constructs

As discussed in Section 6.1.3, Martlet is not able to perform a sort of a large dataset as it can

only perform a parallel-prefix reduction, and does not have the means to redistribute local data

structures over a distributed data structure. This restriction could be overcome by the addition

of extra constructs enabling such functionality to be described. This then raises two questions:

1. What other constructs are required to describe other algorithms that are currently not

possible?

2. If it is a good idea to include such constructs in a language such as Martlet?

The motivation for the second question stems from the level of network and compute re-

sources required when executing the intermediate construct in a MapReduce, and the fact that

users will be inclined to use it because of its power without thinking about the cost. Even in

environments such as a Google data centre, they have problems with the availability of network

bandwidth when executing the middle phase of a large MapReduce. As such adding additional

constructs is not simply a case of harvesting them from elsewhere; detailed thought must be

given as to their suitability for this domain.

6.3 Conclusion

In Section 6.1 we compared Martlet with other similar technologies, and showed that while there

are other technologies starting to appear that are covering similar a similar problem domain, we

are currently unaware of anything that addresses the same ground. In addition, we should

draw comfort that we are heading in the right direction with this work, since a number of

ideas which appear in Martlet that have now appeared in adjacent projects. This also adds to

the speculation that these are all just parts of a bigger, clearer, and more intuitive model for

parallel programming that will develop over the coming years in response to the more dynamic

parallel environments, spanning from the hugely distributed Grids, to the multi-core processors

for home computers.

In the previous chapter we showed that Martlet is a very powerful language that is capa-

ble of describing a wide range of algorithms. Though it is currently limited to our prototype

middleware, as has been described in Section 6.2 Martlet can spread not only to build on ex-

isting languages extending their functionality with a minimal effort through JIT compilers, but



6.3 Conclusion 112

can also spread out of its original target environment in into environments such as clusters and

Condor Pools. These two expansions collectively represent a huge area of application for this

work.



Chapter 7

Conclusion

In conclusion of this thesis, we will review both the contribution of this work, and an overview

of how this work fits in with other work in the field of distributed utility computing, before

making our final comments.

7.1 Contributions

The main contributions of this thesis are: a novel-programming model for loosely coupled, and

dynamic computing systems; a high-level specification of a middleware to support this model;

a prototype middleware; and a novel algorithm for calculating an SVD of a large dataset in a

loosely coupled way.

7.1.1 Novel Programming Model

In Chapter 3 we introduced a novel programming model that addresses a very real issue in

the construction of programs in distributed utility computing environments. This model allows

users to write generic programs that can operate in a parallel, distributed computing environment

without the user first having to know how their data is going to be partitioned across such an

environment, and without having to handle the complexity that is raised when such partitionings

change. This makes it possible for both inexperienced users and highly experienced users to

achieve more in the irregular computing environment that is “Grid Computing”. Many of the

ideas used to achieve this are currently starting to appear in many other projects in different,

but comparable fields. As such, this model is able to complement both existing models and
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appearing technologies with applications to both distributed utility computing, and smaller scale

clusters and Condor pools.

The classes of algorithm that can be described by this programming model are best looked

at as the union of two sets. It is able to use traditional data structures and constructs to describe

all algorithms that can be described by traditional workflow languages. In addition to these

algorithms, it is able to describe another class of algorithms based on the idea of a higher-

level coordination language joining together pieces of more traditional workflow in a functional

manner. In this class of algorithms, where all parts working on partitioned data can be described

in terms of base and inductive operations, it is worth noting the similarity of this style to the

techniques used in mathematics for constructing proofs in similar conditions. Collectively, these

two sets describe a very broad and useful class of algorithm.

7.1.2 Middleware Specification

We have provided a high-level view of a minimal middleware required to implement this style of

programming model in a distributed environment. From this, it is then possible to both evaluate

the applicability of this model of programming to different environments, and to consider what

extensions would be required to existing middleware to allow them to support this model of

programming. Specifically, this has allowed us to show that through the use of JIT compilers,

it would be possible to extend many existing middlewares with an additional layer so that they

could support this new model of programming. This shows that this powerful extension to

existing functionality can easily be integrated with existing work in such areas.

7.1.3 Prototype Middleware

The development of a prototype middleware has allowed us to demonstrate both the effective-

ness of this programming model, and how it naturally fits a service based environment. It has

also then gone on to provided a platform from which further research into this programming

model can be based. The ease with which the middleware was extended to produce XML de-

scribing concrete instances of generic functions applied to specific partitioned data, supports

our argument that existing middleware can be extended to support our model through the lay-

ering of a small amount of additional middleware on top of existing interfaces, so providing a

huge range of applicability for the model implemented by Martlet.
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7.1.4 Demonstration of Applications

Through the construction of the case studies, we have demonstrated both how many common

problems can be described in this model by trivially adjusting existing arguments. We have

then gone on to demonstrate how using this model we have produced new algorithms to solve

problems that previously could only be solved on single processor or closely coupled systems,

and how their construction can be made simple through the inductive nature of their construc-

tion in Martlet. This shows not only that this model is highly applicable to a wide range of

problems, but also raises the potential of many more new and interesting algorithms waiting to

be discovered when people start thinking about problems in this new way.

7.1.5 New Singular Value Decomposition Algorithm

The discovery of a new technique building on the Block-Lanczos method for generating the

leading parts of an SVD in a loosely coupled way with a small memory footprint is a signif-

icant advance. This opens up a huge range of analysis possibilities for large datasets, ranging

from drug discovery and genome work, to facial recognition and image processing, to climate

analysis and weather forecasting, with many more applications likely to become apparent in the

future.

7.2 Overview

The programming model and supporting infrastructure presented in this thesis falls between

what Fox describes as “embarrassingly parallel” problems [129] addressed by projects such as

BOINC [2] and Condor [77], and the closely coupled parallel systems based on message passing

technologies such as MPI [113]. As has been shown by the uptake of projects that address the

embarrassingly parallel problems, there is a huge demand for computing power from users who

do not necessarily have either the time or the knowledge to develop the more intricate solutions

afforded by closely coupled parallel systems. However, despite the uptake of these projects and

the continuous improvements in their utility, the model has never moved far beyond being able

to handle its initial class of algorithms. This class is not able to solve many of the problems

faced by modern users, this has lead companies such as Google to develop alternative solutions

to reduce the complexity of constructing more advanced algorithms for parallel environments.

These solutions are fairly domain specific, addressing only the set of problems relevant to the
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company. Martlet represents one of the first steps towards an alternative model of programming

to match an alternative style of computing presented through Grid Computing, and that allows

users to write programs that extend beyond the embarrassingly parallel, without the complexity

of having to handle message passing, changes to the data partitioning or the number of CPUs.

As this new model is constructed using abstract constructs that are transformed into tra-

ditional structures matching the specific conditions at runtime, the overhead of the algorithms

constructed is negligibly larger than that of more traditional algorithms. As with all systems,

some algorithms will take to this model better than others. Specifically with this model, algo-

rithms that require access to specific pieces of information within a data structure, for example,

the nth column of a matrix are hard to describe with this model, and further research is required

to overcome this. However, most algorithms that we have come across that require analysis

on datasets of this size do not require such fine-grained access, and follow a more appropriate

symmetrical pattern. While it would be possible to make further comments about the data size

to processor requirements for our test cases, this would, in reality, be make more of a comment

on the computing environment in question, not the programming model we are presenting here.

7.3 Final Comment

The work presented in this thesis solves a common but often unrecognised problem in many

eResearch projects. However, this problem must be solved before eResearch can reach its full

potential. While many middleware adapt jobs to the environment they are working in, none

adapt the workflow. Instead they just use network capacity to overcome the problems raised

by the dynamic distribution of data and resources in such environments. Ultimately, this is be-

cause, while people have been quick to uptake the new computing environments offered by Grid

computing, they have constructed their programs using the same programming models as were

used previously in more closely-coupled and stable environments. They have then made much

progress by adjusting variables like the granularity of the statements in the programs, the means

by which data is transmitted, and the way system information is used to optimise function calls.

However, they remain bound by the constraints of models designed for different environments.

Martlet is a first step into a new style of programming that we expect to see become more and

more common in the near future, both as the project develops through the future work described

in Section 6.2, and as the Grid environments and problems faced within them mature. This
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realisation can already be seen in the growing number of workshops, conferences, and drives

appearing in an attempt to describe programming models for this new computing platform.
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Appendix A

Martlet Syntax

This is a complete description of the grammar of Martlet expressed in Extended BNF.

Procedure → [Define] Proc

Define → “define” “{” (Identifier “=” Identifier “;”)+ “}”

Proc → “proc” Arguments ExpandableStatements

Arguments → “(” [ Identifier ( “,” Identifier )* ] “)”

TreeArgs → “(” TreeArg ( “,” TreeArg )* “)”

TreeArg → “(” Identifier “,” Identifier “)\” Identifier “->” Identifier

ExpandanbleStatements → ExpandableStatement
| “{“ ( ExpandableStatement )+ “}”

ExpandableStatement → “if” “(” Test “)” ExpandableStatements
[ “else” ExpandableStatements ]

| “while” “(“ Test “)” ExpandableStatements
| “async” ExpandableStatements
| “seq” ExpandableStatements
| “foldl” Statements
| “foldr” Statements
| “map” Statements
| “tree” TreeArgs Statements
| Identifier “=” “new” Type “(” Identifier “)” “;”
| Identifier “=” “const” Type “(” Description “)” “;”
| (Identifier | URI) Arguments “;”
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Statements → Statement
| “{” ( Statement )+ “}”

Statement → “if” “(” Test “)” Statements
[ “else” Statements ]
| “while” “(” Test “)” Statements
| “async” Statements
| “seq” Statements
| Identifier “=” “new” Type “(” Identifier “)” “;”
| Identifier “=” “const” Type “(” Description “)” “;”
| (Identifier | URI) Arguments “;”

Test → AndTest ( “||” AndTest )*

AndTest → NotTest ( “&&” NotTest )*

NotTest → ( “!” )* RelationalTest

RelationalTest → Identifier ( “<” | “>” | “<=” | “>=” | “==” | “!=” ) Identifier
| ‘(” Test “)”

Identifier → (a-z|A-Z)+ (a-z|A-Z|0-9)*

URI → (a-z|A-Z|0-9|“:”|“-”|“$”|..........)+

Description → (a-z|A-Z|0-9|“:”|“-”|“,”|..........)+

Type → “Matrix” | “DisMatrix” | “Int” | “Double” | ...



Appendix B

Martlet XML

B.1 Expanded Martlet Schema

In this section, we present the schema for the XML documents produced at runtime to repre-

sent an expanded Martlet function. A graphical representation of this schema can be seen in

Figure 6.2 on page 108.
<?xml version="1.0" encoding="utf-8"?>
<xs:schema id="MartletSchema"

targetNamespace="http://cpdn.net/MartletSchema.xsd"
elementFormDefault="qualified"
xmlns="http://cpdn.net/MartletSchema.xsd"
xmlns:xs="http://www.w3.org/2001/XMLSchema">

<!-- The root of the function -->
<xs:element name="MartletFunction">

<xs:complexType>
<xs:complexContent>

<xs:extension base="Statement">
<xs:sequence/>
<xs:attribute name="uri"

type="xs:string"/>
</xs:extension>

</xs:complexContent>
</xs:complexType>

</xs:element>

<!-- Arguments passed to statements -->
<xs:complexType name="arguments">

<xs:sequence>
<xs:element name="Argument"

minOccurs="0"
maxOccurs="unbounded">

<xs:complexType>
<xs:attribute name="value"
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type="xs:string"/>
</xs:complexType>

</xs:element>
</xs:sequence>

</xs:complexType>

<!-- Tests for while and ifElse statements -->
<xs:complexType name="test">

<xs:choice>
<xs:element name="Argument"

minOccurs="2"
maxOccurs="2">

<xs:complexType>
<xs:attribute name="value"

type="xs:string"/>
</xs:complexType>

</xs:element>
<xs:element name="Test"

minOccurs="1"
maxOccurs="2"
type="test"/>

</xs:choice>
<xs:attribute name="type" type="xs:string"/>

</xs:complexType>

<!-- The type used to mimic polymorphism -->
<xs:complexType name="Statement">

<xs:choice>
<xs:element name="Create" type="create"/>
<xs:element name="Seq" type="seq"/>
<xs:element name="Async" type="async"/>
<xs:element name="While" type="while"/>
<xs:element name="IfElse" type="ifElse"/>
<xs:element name="Function" type="function"/>

</xs:choice>
</xs:complexType>

<xs:complexType name="create">
<xs:sequence>

<xs:element name="Arguments" type="arguments"/>
<xs:element name="Created"

minOccurs="1"
maxOccurs="unbounded">

<xs:complexType>
<xs:attribute name="name"

type="xs:string"/>
<xs:attribute name="type"

type="xs:string"/>
</xs:complexType>

</xs:element>
<xs:element name="Child" type="Statement"/>

</xs:sequence>
</xs:complexType>
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<xs:complexType name="seq">
<xs:sequence>

<xs:element name="Arguments" type="arguments"/>
<xs:element name="Child"

minOccurs="0"
maxOccurs="unbounded"
type="Statement"/>

</xs:sequence>
</xs:complexType>

<xs:complexType name="async">
<xs:sequence>

<xs:element name="Arguments" type="arguments"/>
<xs:element name="Child"

minOccurs="0"
maxOccurs="unbounded"
type="Statement"/>

</xs:sequence>
</xs:complexType>

<xs:complexType name="while">
<xs:sequence>

<xs:element name="Arguments" type="arguments"/>
<xs:element name="Test" type="test"/>
<xs:element name="Child" type="Statement"/>

</xs:sequence>
</xs:complexType>

<xs:complexType name="ifElse">
<xs:sequence>

<xs:element name="Arguments" type="arguments"/>
<xs:element name="Test" type="test"/>
<xs:element name="If" type="Statement"/>
<xs:element name="Else"

minOccurs="0"
maxOccurs="1"
type="Statement"/>

</xs:sequence>
</xs:complexType>
<xs:complexType name="function">

<xs:sequence>
<xs:element name="Arguments" type="arguments"/>

</xs:sequence>
<xs:attribute name="name" type="xs:string"/>

</xs:complexType>

</xs:schema>
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B.2 Example XML Function

The expanded tree from Figure 3.11 on page 56 is converted to the following XML:

<?xml version="1.0" encoding="utf-8"?>
<MartletFunction xmlns="http://cpdn.net/MartletSchema.xsd"

xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance"
xsi:schemaLocation="http://cpdn.net/MartletSchema.xsd

MartletSchema.xsd"
uri="DistributedMatrixAverage">
<Create>
<Arguments>

<Argument value="MatrixSum"/>
<Argument value="A1"/>
<Argument value="MatrixCardinality"/>
<Argument value="A2"/>
<Argument value="A3"/>
<Argument value="MatrixSumToVector"/>
<Argument value="IntegerSum"/>
<Argument value="B"/>
<Argument value="MatrixDivide"/>

</Arguments>
<Created name ="C1" type="Matrix"/>
<Created name ="C2" type="Matrix"/>
<Created name ="C3" type="Matrix"/>
<Created name ="D1" type="Integer"/>
<Created name ="D2" type="Integer"/>
<Created name ="D3" type="Integer"/>
<Created name ="E" type="Integer"/>
<Child>

<Seq>
<Arguments>
<Argument value="MatrixSum"/>
<Argument value="A1"/>
<Argument value="C1"/>
<Argument value="MatrixCardinality"/>
<Argument value="D1"/>
<Argument value="A2"/>
<Argument value="C2"/>
<Argument value="D2"/>
<Argument value="A3"/>
<Argument value="C3"/>
<Argument value="D3"/>
<Argument value="MatrixSumToVector"/>
<Argument value="IntegerSum"/>
<Argument value="B"/>
<Argument value="E"/>
<Argument value="MatrixDivide"/>

</Arguments>
<Child>
<Async>

<Arguments>
<Argument value="MatrixSum"/>
<Argument value="A1"/>
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<Argument value="C1"/>
<Argument value="MatrixCardinality"/>
<Argument value="A1"/>
<Argument value="D1"/>
<Argument value="A2"/>
<Argument value="C2"/>
<Argument value="A2"/>
<Argument value="D2"/>
<Argument value="A3"/>
<Argument value="C3"/>
<Argument value="A3"/>
<Argument value="D3"/>

</Arguments>
<Child>
<Seq>

<Arguments>
<Argument value="MatrixSum"/>
<Argument value="A1"/>
<Argument value="C1"/>
<Argument value="MatrixCardinality"/>
<Argument value="A1"/>
<Argument value="D1"/>

</Arguments>
<Child>

<Function name ="MatrixSum">
<Arguments>

<Argument value="A1"/>
<Argument value="C1"/>

</Arguments>
</Function>

</Child>
<Child>

<Function name ="MatrixCardinality">
<Arguments>

<Argument value="A1"/>
<Argument value="D1"/>

</Arguments>
</Function>

</Child>
</Seq>

</Child>
<Child>
<Seq>

<Arguments>
<Argument value="MatrixSum"/>
<Argument value="A2"/>
<Argument value="C2"/>
<Argument value="MatrixCardinality"/>
<Argument value="A2"/>
<Argument value="D2"/>

</Arguments>
<Child>

<Function name ="MatrixSum">
<Arguments>
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<Argument value="A2"/>
<Argument value="C2"/>

</Arguments>
</Function>

</Child>
<Child>

<Function name ="MatrixCardinality">
<Arguments>

<Argument value="A2"/>
<Argument value="D2"/>

</Arguments>
</Function>

</Child>
</Seq>

</Child>
<Child>
<Seq>

<Arguments>
<Argument value="MatrixSum"/>
<Argument value="A3"/>
<Argument value="C3"/>
<Argument value="MatrixCardinality"/>
<Argument value="A3"/>
<Argument value="D3"/>

</Arguments>
<Child>

<Function name ="MatrixSum">
<Arguments>

<Argument value="A3"/>
<Argument value="C3"/>

</Arguments>
</Function>

</Child>
<Child>

<Function name ="MatrixCardinality">
<Arguments>

<Argument value="A3"/>
<Argument value="D3"/>

</Arguments>
</Function>

</Child>
</Seq>

</Child>
</Async>

</Child>
<Child>
<Create>

<Arguments>
<Argument value="MatrixSumToVector"/>
<Argument value="C3"/>
<Argument value="C2"/>
<Argument value="IntegerSum"/>
<Argument value="D3"/>
<Argument value="D2"/>
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<Argument value="C1"/>
<Argument value="B"/>
<Argument value="D1"/>
<Argument value="E"/>

</Arguments>
<Created name="E1" type="Integer"/>
<Created name="B1" type="Matrix"/>
<Child>
<Seq>

<Arguments>
<Argument value="MatrixSumToVector"/>
<Argument value="C3"/>
<Argument value="C2"/>
<Argument value="B1"/>
<Argument value="IntegerSum"/>
<Argument value="D3"/>
<Argument value="D2"/>
<Argument value="E1"/>
<Argument value="C1"/>
<Argument value="B"/>
<Argument value="D1"/>
<Argument value="E"/>

</Arguments>
<Child>

<Seq>
<Arguments>

<Argument value="MatrixSumToVector"/>
<Argument value="C3"/>
<Argument value="C2"/>
<Argument value="B1"/>
<Argument value="IntegerSum"/>
<Argument value="D3"/>
<Argument value="D2"/>
<Argument value="E1"/>

</Arguments>
<Child>

<Function name ="MatrixSumToVector">
<Arguments>
<Argument value="C3"/>
<Argument value="C2"/>
<Argument value="B1"/>

</Arguments>
</Function>

</Child>
<Child>

<Function name ="IntegerSum">
<Arguments>
<Argument value="D3"/>
<Argument value="D2"/>
<Argument value="E1"/>

</Arguments>
</Function>

</Child>
</Seq>
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</Child>
<Child>

<Seq>
<Arguments>

<Argument value="MatrixSumToVector"/>
<Argument value="C1"/>
<Argument value="B1"/>
<Argument value="B"/>
<Argument value="IntegerSum"/>
<Argument value="D1"/>
<Argument value="E1"/>
<Argument value="E"/>

</Arguments>
<Child>

<Function name ="MatrixSumToVector">
<Arguments>
<Argument value="C1"/>
<Argument value="B1"/>
<Argument value="B"/>

</Arguments>
</Function>

</Child>
<Child>

<Function name ="IntegerSum">
<Arguments>
<Argument value="D1"/>
<Argument value="E1"/>
<Argument value="E"/>

</Arguments>
</Function>

</Child>
</Seq>

</Child>
</Seq>

</Child>
</Create>

</Child>
<Child>
<Function name ="MatrixDivide">

<Arguments>
<Argument value="B"/>
<Argument value="E"/>
<Argument value="B"/>

</Arguments>
</Function>

</Child>
</Seq>

</Child>
</Create>

</MartletFunction>
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Test Grid Results

This appendix lists the raw data gathered from a test grid of 10 machines used to profile Martlet

and its middleware in Chapter 5. Servers 1 through 10 are data stores and data processors, and

server 11 is the process coordinator. All values are listed in seconds.

C.1 Varying Dataset Size

In this section we list the experimental results for the ten machines performing the average

function on 45,000 model runs including differing numbers of variables.

Number of Entries in each Model
Server 1 1 10 100 1000 10000 100000 1000000

Execution 3.81 3.8 3.84 4.62 8.06 60.23 787.46

Communication 0.09 0.09 0.1 0.09 0.07 0.12 0.39

Transport 0.01 0.03 0.02 0.02 0.01 0.05 0.32

Marshalling 0.01 0 0 0.02 0.01 0 0

Total 3.92 3.92 3.96 4.75 8.15 60.4 788.17

Number of Entries in each Model
Server 2 1 10 100 1000 10000 100000 1000000

Execution 3.84 3.74 3.88 4.59 8.56 60.27 783.37

Communication 0.04 0.05 0.05 0.06 0.06 0.12 0.31

Transport 0 0.01 0.02 0.01 0.03 0.06 0.26

Marshalling 0 0.01 0.02 0.02 0 0 0

Total 3.88 3.81 3.97 4.68 8.65 60.45 783.94
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Number of Entries in each Model
Server 3 1 10 100 1000 10000 100000 1000000

Execution 3.83 3.77 3.92 4.58 8.64 59.12 786.15

Communication 0.06 0.09 0.08 0.06 0.1 0.12 0.58

Transport 0.01 0.02 0.02 0.01 0.03 0.05 0.55

Marshalling 0.01 0 0 0.01 0.01 0 0.01

Total 3.91 3.88 4.02 4.66 8.78 59.29 787.29

Number of Entries in each Model
Server 4 1 10 100 1000 10000 100000 1000000

Execution 3.85 3.78 3.91 4.59 8.84 58.9 785.34

Communication 0.32 0.32 0.31 0.28 0.33 0.37 0.57

Transport 0.02 0.01 0.02 0.01 0.03 0.05 0.27

Marshalling 0.06 0.02 0.02 0.01 0.05 0.03 0.02

Total 4.25 4.13 4.26 4.89 9.25 59.35 786.2

Number of Entries in each Model
Server 5 1 10 100 1000 10000 100000 1000000

Execution 3.8 3.81 3.92 4.43 8.18 58.43 789.2

Communication 0.44 0.39 0.4 0.37 0.44 0.51 0.93

Transport 0 0.01 0.03 0.02 0.02 0.08 0.54

Marshalling 0.02 0.02 0.02 0.03 0.03 0.02 0.01

Total 4.26 4.23 4.37 4.85 8.67 59.04 790.68

Number of Entries in each Model
Server 6 1 10 100 1000 10000 100000 1000000

Execution 3.76 3.77 3.92 4.72 8.61 58.71 787.82

Communication 0.06 0.02 0.04 0.07 0.06 0.11 0.49

Transport 0 0.01 0.01 0.03 0.01 0.07 0.42

Marshalling 0 0 0 0 0.01 0 0

Total 3.82 3.8 3.97 4.82 8.69 58.89 788.73

Number of Entries in each Model
Server 7 1 10 100 1000 10000 100000 1000000

Execution 3.87 3.85 3.93 4.57 8.2 60.17 786.75

Communication 0.07 0.04 0.07 0.07 0.08 0.15 0.58

Transport 0.01 0 0.01 0.02 0.03 0.09 0.53

Marshalling 0 0.01 0.01 0 0 0.02 0.03

Total 3.95 3.9 4.02 4.66 8.31 60.43 787.89
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Number of Entries in each Model
Server 8 1 10 100 1000 10000 100000 1000000

Execution 3.77 3.83 3.95 4.56 8.42 59.61 782.96

Communication 0.07 0.08 0.08 0.06 0.09 0.15 0.6

Transport 0.02 0.03 0.04 0.02 0.03 0.07 0.54

Marshalling 0 0 0 0 0.01 0 0

Total 3.86 3.94 4.07 4.64 8.55 59.83 784.1

Number of Entries in each Model
Server 9 1 10 100 1000 10000 100000 1000000

Execution 3.85 3.81 3.85 4.52 8.57 59.85 785.69

Communication 0.03 0.06 0.06 0.08 0.08 0.08 0.47

Transport 0.01 0.02 0.01 0.03 0.02 0.05 0.42

Marshalling 0 0 0 0 0 0 0

Total 3.89 3.89 3.92 4.63 8.67 59.98 786.58

Number of Entries in each Model
Server 10 1 10 100 1000 10000 100000 1000000

Execution 3.82 3.79 3.91 4.59 8.34 60.5 783.59

Communication 0.15 0.18 0.15 0.2 0.2 0.27 0.78

Transport 0.04 0.02 0.03 0.03 0.05 0.11 0.67

Marshalling 0 0 0.01 0 0 0 0

Total 4.01 3.99 4.1 4.82 8.59 60.88 785.04

Number of Entries in each Model
Server 11 1 10 100 1000 10000 100000 1000000

Execution 0 0 0 0 0 0 0

Communication 0.97 0.97 1.02 0.98 0.98 0.98 0.95

Transport 0 0 0 0 0 0 0

Marshalling 0.06 0.06 0.04 0.05 0.05 0.04 0.05

Total 1.03 1.03 1.06 1.03 1.03 1.02 1
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C.2 Varying Server Numbers

In this section we list the experimental results from varying the number of servers used to anal-

ysis 9000 model runs each containing 1 million entries.

Number of Servers
Server 1 2 3 4 5 6 7 8 9 10

Execution 788.37 502.98 333.64 265.98 220.86 189.11 162.79 141.38 126.74

Communication 0.21 0.23 0.15 0.15 0.19 0.22 0.14 0.12 0.13

Transport 0.12 0.16 0.12 0.0 9 0.12 0.12 0.09 0.07 0.06

Marshalling 0.02 0.01 0 0 0.01 0.01 0.02 0 0.01

Total 788.6 503.22 333.79 266.13 221.06 189.34 162.95 141.5 126.88

Number of Servers
Server 2 2 3 4 5 6 7 8 9 10

Execution 784.31 503.76 334.27 265.91 220.41 188.21 161.36 141.34 126.6

Communication 0.38 0.28 0.23 0.17 0.12 0.14 0.15 0.16 0.13

Transport 0.3 0.23 0.18 0.14 0.1 0.1 0.11 0.12 0.1

Marshalling 0.01 0.01 0 0.01 0 0.01 0 0 0.01

Total 784.26 503.66 334.16 265.77 220.24 188.07 161.23 141.23 126.49

Number of Servers
Server 3 2 3 4 5 6 7 8 9 10

Execution 0 534.03 333.95 264.52 223.38 188.24 162.27 141.98 126.04

Communication 0 0.44 0.22 0.28 0.19 0.2 0.28 0.35 0.17

Transport 0 0.29 0.17 0.22 0.15 0.14 0.14 0.15 0.11

Marshalling 0 0.01 0.01 0.02 0.01 0 0.01 0.01 0

Total 0 534.48 334.18 264.82 223.58 188.44 162.56 142.34 126.21

Number of Servers
Server 4 2 3 4 5 6 7 8 9 10

Execution 0 0 333.58 265.22 221.89 187.87 160.43 141.27 125.43

Communication 0 0 0.48 0.21 0.14 0.14 0.16 0.38 0.37

Transport 0 0 0.28 0.18 0.14 0.13 0.12 0.1 0.06

Marshalling 0 0 0.02 0 0 0 0.01 0.03 0.03

Total 0 0 334.08 265.43 222.03 188.01 160.6 141.68 125.83
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Number of Servers
Server 5 2 3 4 5 6 7 8 9 10

Execution 0 0 0 284.85 222.4 188.69 160.57 140.9 127.77

Communication 0 0 0 0.56 0.67 0.54 0.51 0.53 0.48

Transport 0 0 0 0.25 0.32 0.21 0.16 0.14 0.13

Marshalling 0 0 0 0.01 0.01 0.02 0.06 0.02 0.04

Total 0 0 0 285.42 223.08 189.25 161.14 141.45 128.29

Number of Servers
Server 6 2 3 4 5 6 7 8 9 10

Execution 0 0 0 0 222.27 188.31 160.65 140.29 127.14

Communication 0 0 0 0 0.36 0.3 0.32 0.14 0.13

Transport 0 0 0 0 0.24 0.13 0.11 0.09 0.1

Marshalling 0 0 0 0 0.01 0 0.05 0 0

Total 0 0 0 0 222.64 188.61 161.02 140.43 127.27

Number of Servers
Server 7 2 3 4 5 6 7 8 9 10

Execution 0 0 0 0 0 205.8 161.21 140.88 127.7

Communication 0 0 0 0 0 0.25 0.11 0.13 0.15

Transport 0 0 0 0 0 0.19 0.07 0.1 0.12

Marshalling 0 0 0 0 0 0.02 0 0 0.02

Total 0 0 0 0 0 206.07 161.32 141.01 127.87

Number of Servers
Server 8 2 3 4 5 6 7 8 9 10

Execution 0 0 0 0 0 0 160.91 140.66 128.16

Communication 0 0 0 0 0 0 0.24 0.35 0.23

Transport 0 0 0 0 0 0 0.18 0.24 0.14

Marshalling 0 0 0 0 0 0 0.02 0.01 0.01

Total 0 0 0 0 0 0 161.17 141.02 128.4

Number of Servers
Server 9 2 3 4 5 6 7 8 9 10

Execution 0 0 0 0 0 0 0 162.34 128.54

Communication 0 0 0 0 0 0 0 0.14 0.13

Transport 0 0 0 0 0 0 0 0.11 0.1

Marshalling 0 0 0 0 0 0 0 0.01 0.01

Total 0 0 0 0 0 0 0 162.49 128.68
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Number of Servers
Server 10 2 3 4 5 6 7 8 9 10

Execution 0 0 0 0 0 0 0 0 127.52

Communication 0 0 0 0 0 0 0 0 0.25

Transport 0 0 0 0 0 0 0 0 0.13

Marshalling 0 0 0 0 0 0 0 0 0.02

Total 0 0 0 0 0 0 0 0 127.79

Number of Servers
Server 11 2 3 4 5 6 7 8 9 10

Execution 0 0 0 0 0 0 0 0 0

Communication 0.3 0.38 0.73 0.56 0.69 1.07 1.16 1.34 0.97

Transport 0 0 0 0 0 0 0 0 0

Marshalling 0.05 0.05 0.02 0.02 0.05 0.03 0.08 0.04 0.04

Total 0.35 0.43 0.75 0.58 0.74 1.1 1.24 1.38 1.01



Appendix D

SVD Simulation

D.1 Simulation Results

This section contains the results of tests performed on a selection of SVDs generated to evaluate

the accuracy of the algorithm presented in Section 5.3.3. We first generated the three constituent

matrices of an SVD, then multiplied these together to produce a single matrix, so providing both

input for our algorithm, and a correct result to compare the results against. The algorithm was

implemented in Matlab to run on a single computer, and its coding can be seen in the next

section.

Having run the algorithm on our test data, we then used three tests to evaluate the accuracy

of the results. These take the actual vector va from our original matrix V , and the vector returned

from our algorithm vr, using these, the tests can be expressed as;

1. the angle between va and vr

∣

∣

∣

∣

(

arccos
va · vr

‖va‖2‖vr‖2

)

mod π

∣

∣

∣

∣

2. the relative lengths of va and vr under A

∣

∣

∣

∣

‖Ava‖2

‖Avr‖2

− 1

∣

∣

∣

∣

3. the angle between va and vr under A

∣

∣

∣

∣

(

arccos
Ava · Avr

‖Ava‖2‖Avr‖2

)

mod π

∣

∣

∣

∣
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Using these tests we then examined various properties of our algorithm.

D.1.1 Effect of Tree Depth on Accuracy

These graphs show the effect on the accuracy of the results caused by increasing the tree depth

on a moderately sized matrix. The red is the least significant vector, moving through to the

blue representing the most significant vector. Note the relative insignificance of the error due

to the depth of the tree compared to the increase of error due to the position of the vector being

returned.
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D.1.2 Effect of Matrix Size on Accuracy

These graphs show the accuracy for matrices of different sizes. It is expected that the surface

would be smooth if each point was the average error for a large number of tests on that size

matrix. Note the increase in accuracy as the matrix size increases.
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D.1.3 Effect of Matrix Size on Iterations to Convergence
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These graphs show the number of iterations of the core function required before convergence is

achieved for different size matrices. Note that with the exception of small matrices, the number

of iterations is relatively small and constant.

D.1.4 Effect of Results set Size on Accuracy

These tables list the error on the nine leading vectors for varying values of p. Note the rapid

decrease in error as you move away from the least significant vector

Test 1
Number of Vectors

1 2 3 4 5 6 7 8 9

1 6.52e-4 7.63e-6 8.43e-8 1.49e-8 0 3.65e-8 1.49e-8 0 2.11e-8

2 8.59e-4 6.95e-6 7.89e-8 2.58e-8 3.65e-8 2.11e-8 2.11e-8 0

3 7.38e-4 7.69e-6 9.66e-8 1.49e-8 2.98e-8 2.11e-8 2.11e-8

4 8.55e-4 7.82e-6 6.99e-8 2.11e-8 2.58e-8 2.98e-8

5 6.75e-4 7.75e-6 9.19e-8 2.11e-8 0

6 6.46e-4 6.70e-6 7.3e-8 1.49e-8

7 7.25e-4 9.58e-6 8.03e-8

8 7.94e-4 7.66e-6

Ve
ct

or

9 8.85e-4

Test 2
Number of Vectors

1 2 3 4 5 6 7 8 9

1 2.13e-7 2.91e-11 2.87e-15 1.11e-16 2.22e-16 1.11e-16 3.33e-16 5.55e-16 4.44e-16

2 3.69e-7 2.41e-11 2.89e-15 1.11e-16 2.22e-16 0 4.44e-16 0

3 2.72e-7 2.96e-11 4.44e-15 0 2.22e-16 0 2.22e-16

4 3.65e-7 3.05e-11 2.22e-15 2.22e-16 2.22e-16 1.79e-15

5 2.28e-7 3.01e-11 9.55e-15 3.33e-16 4.44e-16

6 2.09e-7 2.25e-11 1.34e-14 1.67e-14

7 2.63e-7 4.57e-11 5.61e-13

8 3.15e-7 1.11e-11

Ve
ct

or

9 3.91e-7
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Test 3
Number of Vectors

1 2 3 4 5 6 7 8 9

1 3.51e-7 0 1.49e-8 1.49e-8 0 0 0 0 0

2 2.35e-6 2.11e-8 0 2.11e-8 0 0 2.11e-8 0

3 2.02e-6 1.49e-8 1.49e-8 0 1.49e-8 0 1.49e-8

4 3.94e-7 0 0 0 0 1.49e-8

5 2.26e-6 2.11e-8 0 0 2.11e-8

6 3.83e-6 0 2.11e-8 2.11e-8

7 1.36e-6 2.11e-8 0

8 2.53e-6 0

Ve
ct

or

9 1.89e-6

D.2 Matlab Code

This section contains a listing of the Matlab code used to implement and test the local and

distributed versions of our variation on the Block-Lanczos method. The main method for the

local simulation is control.m and for the distributed simulation is treeControl.m.

D.2.1 Local Algorithm

control.m
m = 10; %Set Global values
n = 20;
p = 3;
err = 0.0000000001;

[A,Q] = init(m,n,p); %initialise values

[S, Q] = localCalculation(A, Q, p, err); %Perform calculation

V=Q(:,1:p)’;
S=S(1:p,1:p);
U=A*V’*inv(S);

init.m
function [A,Q] = init(m,n,p) %A function to initialise values.

if n < m
[U,R] = qr(rand(m,m));
U = U(:,1:n);
[V,R] = qr(rand(n,n));
S = eye(n);

i=0;
j=1000000000000;
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while i < n
i = i + 1;
S(i,i) = j;
j = j/10;

end
else

[U,R] = qr(rand(m,m));
[V,R] = qr(rand(n,n));
V = V(1:m,:);
S = eye(m);

i=0;
j=1000000000000;
while i < m

i = i + 1;
S(i,i) = j;
j = j/10;

end
end

A = U*S*V;
Q = A(1:2*p, :)’;

localCalculation.m
function [S, Q] = localCalculation(A, Q, p, err)

Qp = Q;
[S, Q] = iteration_SVD(A, Q, p);

while (norm(Q(:,1:p)-Qp(:,1:p))) > err
Qp = Q;
[S, Q] = iteration_SVD(A, Q, p);

end
Q = Q(:,1:p);

iteration SVD.m
function [S, Q] = iteration_SVD(A, Q, p)

[U,S,V] = svd(A*Q);
X = Q * V(:,1:p);
[Q, R] = qr(A’*U(:,1:p)); %Calculate the new value of Q
[Q, R] = qr([X, Q(:,1:p)]);
Q=Q(:,1:2*p);
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D.2.2 Distributed Extention

This is a listing of the functions created to extend the local algorithm into a distributed algorithm

using a tree structure.

treeControl.m
m = 50; %Set values
n = 400;
p = 5;
err = 0.0000000001;

[A,Q] = init(m,n,p); %initialise matrix

[R, S, V] = tree(A, Q, p, err, 5); %construct tree and execute

V=V(:,1:p)’;
S=S(1:p,1:p);
U=R(:,1:p)*inv(S);

tree.m
function [R, S, V] = tree(A, Q, p, err, level)
if level == 1

[S, V] = localCalculation(A, Q, p, err);
R = A*V;

else %not fault tolerant, A must be able to split 2\ˆlevel times
[m, n] = size(A);
d = floor(n/2);
A1 = A(:,1:d);
Q1 = Q(1:d,:);
A2 = A(:,d+1:n);
Q2 = Q(d+1:n,:);

[R1, S1, V1] = tree(A1, Q1, p, err, level-1);
[R2, S2, V2] = tree(A2, Q2, p, err, level-1);

V1 = [V1’, zeros(p,n-d)]’;
V2 = [zeros(p,d), V2’]’;
VT = [V1,V2];
A = [R1,R2];
Q = A(1:2*p, :)’;

[S, V] = localCalculation(A, Q, p, err);
R = A*V;
V = VT*V;

end


