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Abstract

Scientific communities engaging in big data analysis face numerous challenges in man-
aging complex computations and the related data on emerging and distributed computing
infrastructures. Large-scale data analysis requires applications with simplified access to
multiple resource management systems. Several generic or domain-specific technolo-
gies have been developed to exploit diversified computing environments, but due to the
heterogeneity of computing and data architectures they are not capable of enabling real
science cases. Scientific gateways and workflows are one such example which requires
the management of jobs on multiple kinds of batch systems using heterogeneous super-
computing architectures and access to advanced distributed file systems. To support
these requirements, a unified architectural framework is presented in this dissertation
that coalesces the right combination of standards and adequate middleware realisation.
This framework manages concurrent access for diversified user communities through
consistent and robust computing and data interfaces oriented to current application and
infrastructure demands.

The investigations reported in this dissertation were mainly motivated by physical
and machine-learning models, represented by two scientific case studies: biophysics and
Earth sciences. In the field of biophysics, the UltraScan scientific gateway is enhanced
to enable the processing of domain-specific data through standards-based job and data
management interfaces in High-Performance Computing (HPC) environments. The sec-
ond domain deals with Earth sciences and automates the processing of machine-learning
algorithms (e.g. classification of remote sensing images) using scalable and parallel
implementations. As proof of concept, both the case studies are supported through open
source implementations, in the form of middleware realisation, client APIs and their
integration with state-of-the-art science gateway frameworks.

Keywords— High-Performance Computing, Scientific Workflows, Distributed Comput-
ing, Open Standards, Job Execution, Data Analysis






Utdrattur

Visindasamfélég sem vinna med storteek gdgn kljast vio margskonar askoranir i sam-
bandi vid medhodndlun flékinna Gtreikninga, og gégnum peim tengdum, 4 komandi og
dreifoum kerfum. Stérteek gagnagreining kallar & lausnir med einféldudu adgengi ad
margvislegum tolvurekstrarkerfum. Margar almennar og sérteekar adferdir hafa verid
proadar til ad nota sibreytileg reiknikerfi, en vegna dlikra reikniadferda og peirra gagna-
skipan geta paer ekki framkvaemt alvoru visindarannséknir. Visindalegar gagnagattir og
vinnuferli eru deemi um slikt sem parfnast verkmedhéndlunar & margvislegum bunka-
kerfum & 6likum ofurtélvuhégum og adgengi ad hapréudum dreifdum skraarkerfum. Til
ad stydja pessar krofur er i pessari doktorsritgerd kynntur hégunarrammi sem sameinar
réttu samsetninguna af stédlum og uppsetningu fullnzegjandi millibtnadar. pessi rammi
medhondlar samhlida adgang fyrir fjélbreytta notandahdpa i gegnum 6flug og areidanleg
reikni- og gagnasnid sem eru snidin ad porfum forrita og télvukerfainnvidum.

Rannséknanidurstdédurnar sem eru kynntar i pessari doktorsritgerd eru adalega
rokstuddar med raun- og vélarndmsmadelum fra tveimur demum fr4 jafnmérgum
freedasvidum: lifedlisfreedi og jarvisindum. Fyrir lifedlisfraedi er UltraScan visindagatt-
in betrumbeett til pess ad gera henni kleift ad medhdndla sértaek gogn i gegnum stédlud
verkumsjénar- og gagnastjornunarsnid i hahrada télvukerfum (HPC). Seinna fraedisvidiod
er jardvisindi og gerir medhéndlun vélarnamsadferda sjalfvirka (t.d. greiningu fjarkénn-
unarmyndefnis) med stigvaxand Gtfeerslum sem haegt er ad keyra samhlida. Damin fra
baedum freedisvidum eru studd med opnum hugbdnadi i formi millibanadarutfeersina,
bidlaraforritaskil med bestu gattardommum sem fyrirfinnast i dag, til pess ad sanna gildi
peirra.

Lykiloro— Ofurt6lvureikningar, Visindalegt vinnufleedi, Dreifd Gtreikningar, Opinn
stadall, Verkmedhodndlun, Gagnagreining
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1 Introduction

1.1 Motivation

In the present business and industrial environment, there is an increasing dependence
on data and related services. Therefore, data-oriented services play an important role in
devising meaningful models and results. For example, social networks or sophisticated
search engines are all based on data-intensive analysis. To this end, scientific initiatives
are progressing towards the exploitation of data for discovering and extracting useful
information. A few large experiments can be mentioned as examples: the Sloan Digital
Sky Survey (SDSS) — central data for spectroscopic survey [37]; In-service Aircraft for
a Global Observing System (IAGOS) — a data infrastructure for climate change and air
quality [9]; and PANGAEA, one of the largest data collections for Earth sciences [44].
With such a flood of data from scientific experiments which are potential data sources,
it is very challenging to assimilate and interpret meaningful insights. This emerging
trend is gradually raising the bar for service and technological ecosystems enabling
the processing of data on distributed computing infrastructures. It is therefore critical
to offer a working functional basis for unified, user-friendly, portable and robust data
analysis and management platforms or interfaces that manage the processing of large
data sets on disparate and distributed computing clusters.

As the computing clusters supporting the data-intensive scientific applications often
consist of High-Performance Computing (HPC) platforms and services, it is imperative
for the data analysis layer to consider the HPC environment as the target platform.
There are several publicly funded initiatives that have led to the development of diversi-
fied HPC infrastructures, for example, PRACE [106], DEISA [56] and XSEDE [105].
These projects aim to provide supercomputing resources to multiple, more versatile
and science-agnostic user communities. Considering the heterogeneity of HPC infras-
tructural capabilities, the serial and manual analysis becomes unmanageable because it
requires automated and unified mechanisms to scale with the increasing magnitude of
data sets and resource requirements. Managing multiple computations and their input
and output data poses the following challenges. Firstly, there is a lack of convenience
in accessing the complex combination of geographically dispersed data, computing
services, and reliable data processing tools, which is considered to be a hindrance
to scientists. Secondly, the wide variety of parallel and distributed systems, such as
computing clusters with the emerging hybrid architectures, and the techniques and
infrastructures available to scientists require more intuitive forms of scientific analysis
to perform remote processing of data (e.g., entire data sets) which contrasts with tradi-
tional sampling. Last but not least, parallel and scalable implementations supporting
machine learning applications are not advanced enough to allow users to undertake the
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semi-automatic tuning and identification of parameters.

To lower the barrier between scientists and HPC-oriented data analysis, community
or application-oriented science gateways are being developed which relieve users of
the system’s technical intricacies and enable them to focus on science through Web-
and desktop-based interfaces for accessing HPC and High-Throughput Computing
(HTC) platforms. For this reason, many science gateways have emerged in the past
decade to provide scientific communities with usable, interactive, reproducible and
domain-specific portals. A few examples are, UltraScan [43], Chem Compute [92],
CyberGIS [107] and CIPRES [81]. One major shortcoming in the existing scientific
gateways is that they cannot be used with different resource management systems or
data management services. By chance, if some can be used in this way, then they
are statically confined to specific target computing services by separate technology
specific connectors. In this approach, one gateway must maintain a separate client
implementation of each job or type of data management service. As a consequence,
it becomes more impractical to maintain many connectors (so-called adaptors) in a
longer run. To provide these gateways with unified access for consistent user experience
in heterogeneous HPC environments, it is indispensable to have a common layer of
abstraction that exposes a generic set of job and data management models and interfaces.
This layer should not only be transparent enough to expose real computing resource and
data management capabilities but should also cater for user requirements coming through
a variety of user interface methods, science gateways, desktop clients or client APIs.
This dissertation defines an architectural model that identifies, combines and extends
multiple standards with the goal of forming a common mechanism for encouraging multi-
domain scientific application users to manage their computations on HPC infrastructures.
This addresses not only the above mentioned issues but also offers extensibility of future
capabilities (e.g., access to other standards-based infrastructures). In this dissertation, a
science gateway use case is employed as a motivation for in-depth analysis by eliciting
key requirements and then offering useful realisations.

Learning models represent the wide area of data mining and machine learning algo-
rithms. These models serve as the basis for this dissertation to automate the complex
workflow and life cycle of the data analysis. Several challenges are encountered in data
analysis phases. One of them is to execute machine learning algorithms multiple times
but with a different set of application parameters. In terms of implementation, for the job
submission, each combination of the parameter instance and the algorithm needs a sepa-
rate job request to the batch system. In addition to the generated multiple job submission
requests steered by the parameters, there is also an overhead once they are successfully
submitted. That is the management and monitoring of the running, parameter-generated
jobs. In this process, after all the computations have been completed, the next phase
is essentially data aggregation, in which the job results of all the parametric computa-
tions have to be structured and gathered for further analysis. Evidently, this becomes
non-trivial if all the steps of parameter sweep are performed manually as there is no
generic mechanism available that automates the iterative compute and data-oriented
executions in HPC environments. To support the parametric scenarios abstractly, in
this dissertation open and standards-based models are selected and implemented which
ensure the management of parametric, parallel and data-intensive computations and
their large data sets in a robust, intuitive and automated manner.



1.2 Thesis Objectives

In order to enable and automate scientific models through scientific gateways and
parametric interfaces, this dissertation analyses the three following case studies belong-
ing to two broad scientific areas of data analysis: domain-specific simulation science
models and learning models. Domain specific simulations refer to the generation and
interpretation of models based on established, well-defined theories and algorithms, i.e.
using numerical methods with known physical laws. On the other hand, general learning
models are produced through algorithms devised in the field of statistical data mining,
machine learning and computer vision. These models are adopted in many domain-
specific applications and include in many cases some form of optimisation method.
The challenges and problems described above and the briefly presented methods for
solutions are motivated by the following three scientific use cases:

1. Facilitate the processing of hydrodynamic data from ultracentrifugation experi-
ments by using the specialised UltraScan science gateway. This science gateway
uses the parallel UltraScan application for analysing high sedimentation veloc-
ity data through its HPC modules, specifically, 2-dimensional spectral analysis,
genetic algorithms, and Monte-Carlo analysis.

2. Perform semi-automated remote sensing data analysis including different pre-
processing methods such as Principal Component Analysis (PCA) using various
Support Vector Machine (SVM) kernel parameters in HPC settings.

3. Enable real-time semi-automatic outlier detection methods using different al-
gorithms such as Density-based spatial clustering of applications with noise
(DBSCAN) with parameters (e.g. algorithm grid search or execution environment
configuration, etc.) using a distributed computing architecture.

1.2 Thesis Objectives

The main Thesis Objectives (TOs) of this research project are to enable scientific
communities to lower barriers for complex and data-intensive scientific workflows on
distributed HPC infrastructures through a unique set of interfaces and their respective
implementations. The TOs are achieved through the use of open and widely known
computing and data standards, and their implementations by using state-of-the-art HPC
middleware platforms. The use of HPC middleware is essential here as it defines a layer
of abstraction that provide users with a unified interface to run parallel computations by
encapsulating the heterogeneity of the underlying scientific application, batch system,
network, operating system, and hardware. One of the HPC middleware platforms is
chosen as a basis for selected reference implementations of the thesis findings.
The TOs with associated papers are summarised below:

e TO 1: Elicit the requirements of two fundamentally different data analysis
approaches, physical and learning models.

e TO 2: Compare and contrast requirements from the two different (learning and
physical) models, and identify a set of primary functions required to support the
envisioned architectural elements.
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* TO 3: Develop an architectural design based on primary functional components,
which form the building blocks of a unified solution to enable a variety of scientific
applications with similar set of requirements.

« TO 4: Implement the software prototypes that realise the architectural design
elements, thereby forming a technical basis for the scientific case studies to access
multiple computing and data services.

* TO 5: Adopt the software prototypes in the form of distinct case studies, pri-
marily aimed at enabling different scientific communities using distributed and
heterogeneous, computing and data infrastructures.

Figure 1.1 shows the research methodology in Business Process Model and Nota-
tion (BPMN 2.0) [13], which outlines a clear research path taken to fulfil the highlighted
thesis objectives of this doctoral dissertation. As a very first step, the research com-
menced with a survey of existing technologies and then proceeded to the use case
analysis of two major learning approaches on distributed HPC infrastructures. The next
phase compared and contrasted the requirements, which resulted in a functional analysis.
This functional analysis was further taken as a basis for developing a core architectural
design. The work done in the architectural design has been contributed to several
standard documents as cross-interoperability excursions and experience documents.
Following the architecture, the implementation phase included the scientific gateway,
support for parametric applications and integration of HPC-based job execution services
with HTC-based storage systems. Each of these aspects resulted in several middle-
ware enhancements and client Application Programming Interfaces (APIs). The final
phase delivers the designed solution to the relevant scientific communities by providing
them with prototypical and service deployments on production computing and data
infrastructures.
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1.3 Contributions

The main contributions of this doctoral dissertation are divided into four areas. They
are i) analysis of scientific case studies from different learning models, ii) enhancing
scientific gateways to access multi-resource and cross-infrastructural services through
standards-based client APIs, iii) bridging computing and data services from two differ-
ent (HPC and HTC) resource architectures, and iv) enabling and automating parallel,
scalable and iterative machine learning models. The first contribution is the analysis of
scientific case studies from physical and learning models, specifically referring to Earth
sciences and biophysics. In this contribution, the established scientific communities
are involved, from whom the application requirements were initially gathered and then
followed by the architecture design. This takes the TO1, TO2 and TO3 objectives
into account and offers the associated implementation. Along these lines, the second
contribution focuses on scientific gateways. Its realisation commenced with the concrete
design, which is based on open source gateway middleware, and then provides the corre-
sponding implementation in the form of generic and domain-agnostic client Application
Programming Interfaces (APIs). Since the client APIs are based on standards-based
models and can be used generically, they can easily be integrated with multiple scientific
portals and gateway frameworks. Enabling scientific gateways caters for TO3, TO4
and TO5. The third contribution fulfils TO3, TO4 and TO5 by providing an integra-
tion base-line for integrating cross-architectural HTC and HPC case studies through a
shared, federated and distributed file system. That in turn is a unique contribution as it
supports the realisation of complex scientific workflows bridging two different (HTC
and HPC) infrastructure paradigms simultaneously. This effort also partly contributes
to the area of security, which is cross-cutting with respect to the architectural layer
that facilitates users to access distributed computing resources while interacting with
remote jobs and data and the services managing them. It particularly develops the
provision of multi-identity authorisation access models realising complicated scenarios
that allow end users who hold multiple secure identities and perform inter-organisational
data analysis. The fourth contribution enables scalable machine learning models of
parametric nature by leveraging the open and standards-based parameter sweep models
in HPC environments. In this contribution two parallel machine learning algorithms
are targeted: Density-based spatial clustering of applications with noise (DBSCAN)
and Support Vector Machines (SVMs). As most of the machine learning models require
iterative computations with varying parameters at some point in the data analysis, this
contribution is very useful in effectively managing long running parallel and parametric
computations. This contribution facilitates the implementation of TO4 and TOS5.

1.4 Outline

This dissertation is compiled in a cumulative form with a collection of research papers
that are included as an appendix. The main thesis contributions have been published
in several peer-reviewed journals and conference proceedings. The following chapters
provide a summary of all the case studies, their requirements, and corresponding
realisations.



1.4 Outline

1.4.1 Structure

Chapter 1 - Introduction outlines the motivation for the research project and defines
the overall thesis objectives.

Chapter 2 - Background provides a comprehensive but essential background on the
data analysis approaches, case studies, supporting standards and distributed computing
middleware technologies used.

Chapter 3 - Automated and Standards-based Data Processing in HPC derives an
open standards-based, distributed computing architecture for supporting multidisci-
plinary data analysis applications on distributed and heterogeneous high performance
computing resource environments. This chapter presents related work, a summary of
requirements, with functional component analysis that summarises the contributions
presented in the List of Publications.

Chapter 4 - Summary of Publications presents a summary of appended papers and
shows that each of them is aligned with the respective thesis objective.

Chapter 5 - Conclusions ends the thesis and present prospects for the relevant research
topics.

1.4.2 Relation of Publications and Thesis Objectives (TO)

As the dissertation primarily focuses on the automated processing of two scientific
models, which are presented in detail in the publications shown in Table 1.1. Paper I,
Paper 111, Paper 1V and Paper V focus on the learning models. Paper | also discusses a
reference implementation to support HPC and HTC workflows through the integration
of UNICORE and the Global Federated File System (GFFS), and thus contributes to
the realisation of multi-tier identity authorisation scenarios.

Table 1.1. Association matrix of learning / physical models and scientific publications.

Model / Paper  Paper | Paper Il Paper Ill  Paper IV  Paper V

Learning Model X X X X
Physical Model X

Paper 111, Paper IV and Paper V present more insights into the adoption of standards-
based parameter sweep models and show how they can be used to automate big data
analysis scenarios based on massively parallel Density-based spatial clustering of
applications with noise (DBSCAN) and Support Vector Machine (SVM) methods.
Paper |1 highlights the remote processing of physical models. It also enables them to be
realised through science gateway frameworks in combination with the platform-agnostic
and standards-based client APIs.

The building blocks presented in this thesis are not only confined to the learning and
physical models presented here, but they can also be applied to more generalised and
domain-agnostic scientific models. Table 1.2 summarises the association of the thesis
objectives and the publications.

The research carried out for this dissertation resulted in a contribution to several open
source software libraries and scientific publications. Table 1.3 depicts the relationship
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Table 1.2. Association matrix of thesis objectives and scientific publications.

TO /Paper Paper| Paper Il PaperIll Paper IV PaperV

TO1 X X X X
TO2 X X

TO3 X X X
TO 4 X X X
TO5 X X X X

of the developed software artefacts and related scientific publications. The software
contributions are most notably distributed as production versions and are actively
supported by multiple organisations through open source collaborative platforms, such
as SourceForge! and Apache Software Foundation?.

Table 1.3. Association matrix of software contributions and scientific publications.

Software / Paper Paper | Paper Il Paper Ill  Paper IV PaperV

UNICORE-BES X X X X X
unicore-client-wrapper X X
JSDL-Sweep X X X X
Airavata-GFAC-BES X
UNICORE-GFFS X

Lhttps://sourceforge.net
Zhttp://apache.org



2 Background

A wide range of literature is available on the data analysis approaches involved, which
includes a cohort of algorithmic variations and methods, as well as various data process-
ing and management middleware technologies that enable those methods on distributed
infrastructures. Therefore, it is not feasible to describe all of them. For the sake of
brevity, this chapter only highlights the relevant methods, computing and data standards,
and middleware technologies that primarily support the motivation behind the case stud-
ies analysed in this dissertation. This chapter begins with the data analysis approaches
and later examines the case studies where these approaches are applied. Further, it
also describes how these approaches are realised through the adoption of standards and
middleware technologies.

2.1 Data Analysis Approaches: Physical and Learn-
ing Models

Data analysis provides an overall methodology and platform using a myriad of tools
and technologies [66, 64] for processing large and complex data sets. This methodol-
ogy applies to the complete life cycle including different processing phases to derive
meaningful information to support useful scientific conclusions. This chapter describes
potential use cases from two different areas of modelling — physical and learning models.
Specifically, it explores the algorithms and tools from the domains of biophysics and
Earth sciences.

2.1.1 Analysis of Physical Models

Computer simulations are based on physical laws and are produced by running physical
models based on parallel programming models often employing numerical methods.
Pragmatically, these simulations are depend on data from various experiments and
observations. There are many examples, but to name a few: molecular modelling,
nuclear incident modelling, car crash simulation, human brain modelling and climate
change patterns.

To support applications and complex simulations on distributed computing infras-
tructures, scientific computing provides two system architectures, High-Performance
Computing (HPC) and High-Throughput Computing (HTC). HPC uses a cluster-based
architecture in which computing cores are tightly integrated through fast network inter-
connects. It is suitable for scientific applications where performance is a critical factor.
On the other hand, HTC architecture [83] consists of computing cores that are coupled
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loosely, including low-cost commodity clusters connected with non-high-performance
network interconnects. It has proved to be more suitable for applications with less
demanding run-time performance.

Several programming models are available to harness the capabilities of the above-
mentioned processing infrastructures. Prominent examples are, Message Passing In-
terface (MPI) [80], Open Multi-Processing (OpenMP) [89] and OpenACC [28]. They
enable computing processors to work in a cooperative manner using different pro-
gramming models which are divided into two methods: Single Program Multiple
Data (SPMD) [38] refers to data parallelism whereby multiple processors work on
different parts of the data; whereas Multiple Program Multiple Data (MPMD) [29]
allows each processor to perform execution using a different code and data. Applications
developed on these programming models are placed locally at the resource or site level.
This implies that if a scientist intends to access and run applications remotely, a layer of
software and interfaces is required that allows the management and monitoring of the
computations in-progress and their data.

2.1.2 Data Intelligence: Data Mining and Machine Learning

Statistical data mining is an area which encompasses a wide spectrum of algorithms and
methods to find interesting patterns from data. In some cases, this field is interchange-
ably referred to as machine learning, although the two fields have minor distinctions in
terms of overall objective. The term machine learning is defined by Tom Mitchell as
[82], ““A computer program is said to learn from experience E with respect to some class
of tasks T and performance measure P, if its performance at tasks in T, as measured by
P, improves with experience E.”
In broad terms, machine learning problems are categorised into three groups,

 Supervised learning: In this method, a given data set already has output assigned,
so that the input and output association is learned in a straightforward way.
Supervised learning deals with two kind of problems: regression and classification.
Regression problems involve predicting through continuous function, which
means that the output is a real number. Classification problems discover results
from a discrete function. There are several classification methods that enable
supervised learning problems to deal with, such as, decision trees [95], SVM [33],
k-Nearest Neighbour (kNN) [94] and Neural Networks [74].

» Unsupervised learning: Unsupervised learning tackle problems without labelled
response, which means that an input and output relation has to be created. This
contrasts with supervised learning problems where we have a data set that is
already labelled and which to some extent guides the process of data understand-
ing. Unsupervised learning problems use several clustering approaches to form
the association of data attributes. Several unsupervised learning algorithms have
been developed in the last few decades. For instance, K-means [69], hierarchical
clustering [65] and DBSCAN [47].

« Reinforcement learning: Reinforcement learning tackles problems by using a
graded response for each given input in a particular learning context. It is often
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applied in game theory and is not a major part of this thesis. It is listed here for
the sake for completeness.

2.2 Case Studies

2.2.1 UltraScan: Analysis of Ultracentrifugation (AUC) Experiments

UltraScan [6, 41] is a data analysis application suite which processes the data gener-
ated from high-resolution analytical ultracentrifugation (AUC) [32] experiments using
sedimentation velocity centrifugation methods. This application provides useful in-
sights in order to understand biological macromolecules and synthetic polymers, which
help in investigating complex relationships among biological systems such as different
kind of tumors. Scientists can perform noise analysis by using 2-dimensional spectral
analysis (2-DSA) [23], genetic algorithm optimisation [24] and Monte Carlo analysis
methods [42]. Most of the functionality offered by this application is accessible through
its Web-based interface called the UltraScan science gateway (US3-LIMS) [6]. As
US3-LIMS only supports a limited type of resource interfaces, it cannot be seamlessly
invoked on different computing sites with various resource management systems. To
address this concern, the US3-LIMS gateway was enhanced as part of this doctoral
thesis to perform cross-organisational, seamless and resource-management-agnostic
computations through standards-based interfaces and models.

2.2.2 Outlier Detection on Point Cloud Data

The identification of outliers on a 3-D point cloud data set motivated the research carried
out in this thesis. Specifically, the point cloud data [71] of the city of Bremen, Germany,
is taken as a use case. The underlying outlier analysis is performed using the DBSCAN
[47] algorithm which groups densely populated data points that are in proximity to
each other. The algorithm finds the number of clusters automatically. Of these the low-
density clusters are grouped as noise, and they are then reserved for application-specific
analysis.

The outlier analysis method used in this dissertation is realised through HPDBSCAN
[59], a parallel HPC DBSCAN-based implementation. It uses the combination of MPI
and OpenMP (hybrid approach) to attain parallel processing. This thesis takes the
implementation described in [59] as a basis for performing standards-based remote
outlier analysis. Further details are elaborated in Paper I.

2.2.3 Classification of Remotely Sensed Images

The Support Vector Machine (SVM) [33] is one of the most intuitive machine learning
methods available today. It belongs to the class of algorithms applicable for supervised
learning, i.e., for classification and regression analysis. The main idea of SVMs is to
form a maximum margin boundary which separates training samples from different
classes. Initially, SVMs are used for linear decision boundaries, that is to say binary
classification, which is not useful for most real scientific case studies as they generally
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have any number of classes. This situation led to the development of kernel functions
[98]. One drawback of SVM is the algorithm’s sensitivity to the choice of the kernel
function and its cost parameters.

piSVM [25] is a libSVM-based [30] parallel implementation of SVMs, particularly
supported for HPC architectures. The first version was published at pisvm.sourceforge.net.
Due to its shortcomings with respect to performance and storage access, this thesis
preferred to use a more enhanced implementation presented in [27], which efficiently
utilises parallel compute resources, and handles large data sets by the state-of-the-art
parallel 1/0 methods. This implementation is based on MPI and Hierarchical Data
Format (HDF5) [2] in optimising multiple data analysis life cycle phases.

2.3 Standards

2.3.1 Job Request Model: Job Submission and Description Language
(JSDL)

Job Submission and Description Language (JSDL) [8] is a comprehensive specification
published by the Open Grid Forum (OGF) [4]. It comes with a rich data model as
XMLSchema [22], covering a wide spectrum of concepts that are used to express
application, compute and data management requirements. The model structure consists
of four major elements, job identification, application, resources and data staging. Each
of these elements further contains hierarchically more data structures.

The JSDL specification mentioned above represents a core set of information, but
still lacks integration with the emerging requirements of science. Therefore it offers a
number of profiles. The profile embodies auxiliary but useful data models that include
additional structure and constraints based on JSDL specifying, for instance, different
data access protocols or parametric job requirements in a single job request instance.

This dissertation has significantly contributed to three out of the many available
JSDL profiles by providing input from the selected use cases. The profiles are briefly
introduced here as follows:

« HPC FileStaging Profile [109]: This specification models extensions for rep-
resenting HPC-oriented concepts for data transfer and access. For instance, it
lets the client pass credential information while submitting job requests. The
specification is useful for constructing job requests with different data transfer
protocols (e.g., File Transfer Protocol (FTP), Secure Copy Protocol (SCP)) and
their corresponding required security credentials.

¢ JSDL-SPMD (Single-Program-Multiple-Data) [97]: This specification is an ex-
tension based on JSDL for expressing job requests with the parallel application
and run-time environment elements as part of the JSDL instance. It contains a
variety of concepts used while running MPI- or OpenMP-based jobs. For in-
stance, it gives clients the option of specifying what kind of parallel run-time
environment (e.g., OpenMPI or MPICH) and what number of processes are re-
quired. The JSDL-SPMD extension overrides the application element of the
JSDL specification. Therefore all the extension elements are placed inside this
structure.
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« JSDL-Parameter Sweep (JSDL-PS) [45]: The JSDL-PS extension captures the job
submission requests of a parametric nature. Many scientific applications require
such functionality to manage many jobs intuitively as part of one simulation.
This specification allows parameter sweeps to be formulated within the main
job request in which a set of parameters or parametric constraints are specified.
The sweep model defines an XML instance that includes which parts of the job
request are parametric and which are not. This is defined through the X-PATH
[85] query language. The JSDL-PS specification supports two fundamental types
of sweeps: document and file sweep. Document sweep is particularly suitable for
the parametrisation of application arguments and environment variables enclosed
in the job request. File sweep provides a more invasive approach that parametrises
the content of the input files used by the submitted job.

2.3.2 Job Management and Monitoring Interfaces: OGSA-Basic Execu-
tion Service

In order to provide several scientific disciplines with a convenient and unified computing
experience, common, convenient and unified interfaces and models are required. To
serve this purpose, the job management and monitoring standards deliver interoperable
access to different distributed computing middleware clients and services. The OGSA-
Basic Execution Service (OGSA-BES) [51] specification is one of the emerging job
submission and management standards considered in this dissertation. It provides a web
services-based interfaces to manage and monitor distributed and remote computations.
OGSA-BES stands on a set of SOAP [35]-based specifications, such as Web Services
Interoperability (WS-I) [5], Web Services Addressing (WS-A) [36] and Web Service
Resource Framework (WSRF) [18]. It includes separate interfaces for job submission,
management, and monitoring concerns. The service interfaces are briefly described
below:

» BESFactory: This provides an interface to create and monitor sets of activi-
ties, and also allows capabilities of an HPC resource management system to be
exported.

« BESActivity: This interface logically represents a single job instance. In this
manner, it exports a set of functions to control individual jobs, such as abort,
pause, and resume.

« BESManagement: This is an administrative interface for managing BESFactory
endpoints, which instructs the BESFactory interface whether to accept or reject
any new job submission requests from the user.

Apart from the interfaces, the OGSA-BES specification contains the data models
that significantly represent the complex concepts and associations of HPC architectures.
This includes the computing site’s deployed resource management system, storage
capabilities and managed jobs. In addition to this information, the middleware service
information can also be represented. The specification further provides a state model for
capturing the complete job life cycle. It is similar to a state machine. The information
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model is part of the BESFactory interfaces to represent back-end resource management
attributes such as the total jobs being managed, the total number of cores, and number
of nodes, etc.

2.3.3 Resource Capabilities: GLUE2 Information Model

The GLUE specification [15] models compute and store entities in the natural language
representation. It is an abstract model with theoretical representation. However, it
has several machine-readable renderings in XML Schema [16], Lightweight Directory
Access Protocol (LDAP) Schema [14] and JavaScript Object Notation (JSON) [103]. In
this dissertation, the XML Schema rendering is used as an extension to the BESFactory
attributes. It is used to accommodate more sophisticated types of hardware and software
resource capabilities. A typical scenario is a logical conceptualisation of a computing
cluster that offers an OGSA-BES-compliant service instance, application and runtime
environment capabilities also including storage and hardware configurations.

2.4 UNICORE: HPC Grid Middleware

HPC middleware is a software abstraction that encapsulates the complexity of underlying
layers of a batch system, data distribution, and file management capabilities. According
to [34] the middleware is defined as:

“The term middleware applies to a software layer that provides a programming
abstraction as well as masking the heterogeneity of the underlying networks, hardware,
operating systems and programming languages.”

UNICORE is distributed computing middleware which provides a layer of encap-
sulation over multiple kinds of batch systems, platform-agnostic deployment, data
management, and transfer mechanisms. It supports a variety of use cases which are
most common while performing distributed job submissions on HPC resources. It works
not only for single resources, but can be used for a set of computing clusters, grouped
in an infrastructure. Examples of such computing infrastructures are XSEDE [105] and
PRACE [106].

UNICORE is based on a client-server architectural pattern [34] and follows a Service
Oriented Architecture (SOA) style of software design. In this respect, it provides all
of the major functionalities, such as job management, data transfer, storage manage-
ment, resource brokering, and workflow execution and enactment in the form of web
services. In a service-oriented design, the client-side applications can be independent
of server-side implementations or services. Therefore, the clients that are based on
other middleware stacks, though not directly developed for UNICORE, can be written
to interact with UNICORE services, for example by following the client-proxy design
pattern [55].

Figure 2.2 depicts the UNICORE architecture from a broader perspective with two
major layers of client and server-side components. On the client side, it provides a thick
client called UNICORE Rich Client (URC), with the capability to manage complex
scenarios. It is developed with the Eclipse Rich Client Platform (RCP) [73] framework
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Figure 2.2. An architectural view of the UNICORE middleware

and comes with an interface for users ranging from novice to advance system expertise
through which they can construct and edit complex scientific workflows. This not only
allows a user to interact with different computing sites but also provides a rich interface
to visually set up workflows through a canvas and interactively submit and monitor
remote jobs. The UNICORE Command-line Client (UCC) is a command-line interface
for more advanced users willing to interact with a server tier.

When a user interacts with a UNICORE instance, the very first component that
receives the request is the UNICORE Gateway. This ensures a mutual client-side
authentication based on the SSL protocol [53]. The components beneath are responsible
for performing authorisation and managing jobs and data. Immediately below the server
tier, there is the lower level resource management layer called the system tier on which
the Target System Interface (TSI) resides. The TSI allows incoming user requests
through the job management service to be translated into the target batch system specific
commands. In this manner, the TSI layer provides the request and response translation
of several batch systems, e.g., SLURM, LoadLeveler, and Load Sharing Facility (LSF).

As far as the enabling of scientific applications is concerned, the server tier provides
multiple applications in a declarative manner, i.e., through an extendable configuration
database on which multiple scientific applications, run-time environments and their
pre- and post-execution requirements are specified. UNICORE has a well-supported
framework of user-facing components to enable science requirements. Nevertheless,
it lacks standards-based interfaces to support science communities using their own
client applications. In the research covered by this thesis, UNICORE is considered as a
frame-of-reference for providing reference implementations of the abstract concepts
addressed in this thesis. It is used for introducing standards so that other scientific
clients can leverage the remote management of jobs and data for High-Performance
Computing (HPC) deployments. Details on what standards are used, how they are
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applied and integrated into UNICORE are given in the context of the corresponding
research later in this thesis.

2.5 The Global Federated File System (GFFS)

The Global Federated File System (GFFS) [61] is a distributed file system to federate
distributed remote compute and data resources in a secure and standardised manner.
All the interfaces of the GFFS are based on an SOA design, thus exporting all the
functionalities as a set of web services. In particular, the core of the service interfaces is
built upon the OGF’s Resource Naming Service (RNS) [84] standard.

As part of this dissertation, the GFFS is extended and integrated with the job
execution service of UNICORE. This is to provide the HPC-based jobs with access to
the GFFS-managed storage pools, because the GFFS was primarily designed to support
HTC infrastructures. With this extension, cross-HPC and -HTC resources can be
simultaneously used. Specifically, this is comprehensively discussed in Paper I, which
covers the outlier analysis of data in the GFFS space running through HPC-oriented
UNICORE job management and execution services.
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This chapter covers the main research contributions which are comprehensively de-
scribed in the List of Publications. It begins with the work related to the research
undertaken as part of this dissertation. The chapter then highlights significant require-
ments and subsequently explores how these requirements are realised through the
functional component analysis. The identified functional components are the main
building blocks, each forming a group of similar functions which are discovered during
the design and implementation phase of the tools supporting the case studies.

3.1 Related Work

Extensive research has been performed in the area of distributed computing and data
infrastructures. However, little research has been published that provides a design
integrating the elements of, application-centred scientific gateways, cross—infrastructural
and distributed file systems, and automated and scalable parametric computations,
combined in one coherent, standards-based architectural framework supporting different
case studies. In view of this, the following section examines the initiatives which are
closely related to the research work presented in this dissertation.

Science gateways have benefited a larger set of scientific communities than the
community-specific portals which are limited to use by individual applications, server-
side protocols or computing clusters. It is evident that the integration of scientific
gateways is founded upon client APIs. This concept is also used in the architectural de-
sign of this thesis, while adhering to established software engineering methods. Hence,
several client APIs have been developed to support different communities. Examples
include the Vine toolkit [67, 96], which is a JAVA-based API that provides a client-side
layer containing a separate sub-API for each middleware. Initially developed for Grid-
sphere [86] it was subsequently released as an independent library for other portals.
It provides separate connectors for UNICORE and gL.ite, but in a proprietary format.
Thus, they cannot be used by scientific applications that are standards-compliant. The
Simple API for Grid Applications (SAGA) [58] is a state-of-the-art API specification de-
veloped by the Open Grid Forum (OGF). It supports multiple programming models (e.g.
map-reduce, replication and parametric executions, very similar to the Apache Airavata
framework. In this way, the Simple API for Grid Applications (SAGA) framework [58]
and it’s implementation bindings [79] in combination with the client API developed in
this dissertation can offer more value for both Airavata and SAGA-based scientific gate-
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ways and portals. The P-Grade portal [63] is yet another closely related development
concerning scientific gateways. This portal bridges multiple middleware clients through
different adaptors. It provides a separate component for standard interfaces. However, it
comes with a limited support of standards, which may not be sufficient for enabling the
scientific case studies presented in this dissertation which use multiple and distributed
HPC infrastructures.

In this research project, the machine learning models use the DBSCAN [47] al-
gorithm and its parallel implementation [91], automated through the combination of
UNICORE-BES and the Global Federated File System (GFFS) thus enabling remote
management of job executions in heterogeneous resource environments. Similar to
this endeavour, GridFTP [72], one of the data transfer mechanisms used by many open
source and commercial vendors, is integrated with UNICORE by following the same
pattern of UNICORE and GFFS realisation. In contrast to the GFFS integration, the
GridFTP extension comes with a separate security model that encapsulates user creden-
tials in the job request model and also the extension of the native execution framework
of UNICORE with a dedicated file transfer component which facilitates the actual
data transfer and management. While submitting UNICORE jobs with GridFTP data
staging a user has to include a chain of X.509 proxy certificates, as part of the message
payload. In this approach, the complete credential hierarchy is exposed as plain text,
although the message payload is encrypted, which still might not be intuitive and secure
as administrators can see this information. On the other hand, this is not what the GFFS
integration does. It transports an encrypted set of credentials as Security Assertion
Markup Language (SAML) assertions — even in the client request payload, see Paper |
for more details. With GridFTP, there is a web-based data transfer service known as
GlobusOnline [49]. This mainly uses GridFTP for providing one-to-one and third-party
data transfers. Comparing GlobusOnline and the Global Federated File System (GFFS),
in terms of concept and functionality they share many functionalities. However, one
major benefit of integrating UNICORE-BES with the GFFS is to let users access and
manage, distributed and cross-site HPC (UNICORE) and HTC (Genesisll) workflows.
Similar to the approach followed in this dissertation, ARC [46] integrates with the
data management platforms, dCache [54] and Distributed Data Management (DDM)
[20]. This integrated solution is oriented towards the Large Hadron Collider (LHC)
particle physics community known as ATLAS [104]. Functionality-wise, the dCache
and GFFS platforms offer the same kinds of services, but they are based on different
sets of standards. The GFFS adopts RNS and BytelO standards, whereas dCache is
based on the Storage Resource Management (SRM) [10] interface. The integration of
the GFFS with the WS-PGRADE / gUSE (grid and cloud user support environment)
[63] science gateway framework is closely related to the research on which thesis is
based. The WS-PGRADE / gUSE framework connects with the GFFS [7] and allows
jobs to be submitted to UNICORE and ARC services through the OGSA-BES interface.

In addition to the enabling of standards-based job executions and data management,
parametric computations are imperative for automating learning models used in different
scientific domains. For that reason, the research work for this dissertation produced the
JSDL-Sweep library, a lightweight, standards-based, technology and platform-agnostic
API implementation of the JSDL-PS specification. While analysing the related work,
there are a few initiatives that are closely related to the research presented in this thesis
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in the context of enabling semi-automatic processing of jobs in HPC environments.
gEclipse [57] is one such related research project that is based on Eclipse framework
[73]. It provides individual client adaptors for several types of computing middleware,
such as gLite, ARC and UNICORE. gEclipse is the first implementation of the JSDL-
PS specification, and it also provides an automatic generation of JSDL-PS requests
through Eclipse’s Graphical User Interface (GUI). That means users are relieved of
the complex XML representation of their parametric job requests. It is encouraging in
terms of usability. However, gEclipse is tightly integrated with the underlying Eclipse
libraries, which hinders third-party scientific clients, gateways or Workflow Management
System (WMS) from adopting it in their environments. In the area of parametric
executions, gLite’s Workload Management System (WMS) is a meta-scheduler and
comes with the provisioning of parametric computations. This implementation builds
upon its own proprietary specification called Job Description Language (JDL). In
contrast to the JSDL-PS specification, the JDL structure has two major short comings.
Firstly, it is very specific to the gLite clients, thus other non-gL.ite clients cannot be
integrated in a straightforward manner. Secondly, the JDL’s structure of parametric
requests only handles the sweeps of a single parameter within the scope of the whole job
request. This contrasts with the approach followed in this doctoral dissertation which
relies on the adoption of standards. The research led to the JSDL-Sweep implementation
that is based on the rich structure of JSDL-PS for representing the parallel, multi-variant
and complex hierarchy of parametric job request structures.

3.2 Requirement Analysis

This section summarises the requirements for realising the learning and physical models.
The requirements were gathered through personal interviews, passively observing user
interactions, and studying the characteristics of the applications with respect to compute
and data access patterns. During this phase, the emphasis was placed on allowing users
to focus on science rather than dealing with the complex system access intricacies, such
as distributed batch system interaction, data management and security. The requirement
elicitation and analysis presented in this section implements thesis objectives TO1 and
TO2.

R1-Remote job submission: This requirement comprises a scenario in which a user
may submit jobs to remote execution service. This scenario should be performed through
standards-based protocols because scientific applications often require a complex set
of input and output parameters to be qualified for successful computation. In this
respect, the standards-based structure plays an important role as it captures a variety of
application and data representations. Most notably these include, application, compute
and data resource requirements. To support this functionality, there should be a standard
for the job submission interface and model that conceptualises the user’s job execution
request and response protocol. The standard should also provide a set of methods
representing the overall job submission phase.

R2-Remote job management and monitoring: Job management and monitoring
realise remote execution and monitoring scenarios. Job submission to the resource
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management system only captures the scenario of channelling the user's job request to
the batch system or queue while the job management and monitoring scenario envisions
the interaction of users with the running remote job, such as pause, abort and resume,
push-based data staging and status monitoring.

R3-Resource discovery and registration: Several computing sites are involved within
a distributed computing infrastructure. Each of these computing sites can deploy a
different variation of execution services. Resource discovery is essential for scienti c
clients and computing sites so that the existence and availability of desired execution
sites should be known.

R4-Security: This is one of the fundamental requirements in order to support remote
job and data management scenarios. It allows scienti ¢ clients to communicate securely
with the target execution or data service. With this requirement, the target service should
be capable of authenticating and authorising the identity of the client requesting the
job submission. In the case of distributed le system integration, after passing through
various layers of different services (e.g., identity provider or meta-scheduler), scienti ¢
clients present multiple identities to the job management service. To vet these complex
requests, a secure validation and delegation model is required to parse and verify multi-
assertion and nested authorisation tokens, known as assertions. Furthermore, integration
with MyProxy [87] services should also be realised for supporting the computing
resources deployed across XSEDE [105]-managed services.

R5-Enabling science gateways: Science gateways provide domain-speci c user
interfaces. Mostly they are available in the form of web portals. Science gateways
accessing resources and running compute and data-intensive jobs require components
to understand remote system interfaces. Therefore, the gateways should be extended to
include client-side components that can communicate the target resources and execution
interfaces on the users' behalf.

R6-Parametric executions: Several scienti ¢ applications and complex simulations
require recurring executions with different parameters. In parametric computations, the
basic run-time environment speci cation of the application remains constant while the
application parameters are variable. The job management services should provide a
data model and appropriate implementation to accommodate and monitor parametric
job executions.

R7-Job provenance: Job submission through middleware may go through several
tiers until the nal output is produced. To diagnose any errors or inconsistencies
during the job execution life cycle phases, typically pre-processing, processing and post-
processing phases, adequate information is required for analysing any unexpected job
execution failures. Therefore, a data model should be available that provides an ample
provenance record on various job execution phases. This may lead to a data structure
enabling scienti ¢ applications to project and search for interesting information events
for debugging job failures.

R8-Federated job and data management: This requirement complements the elicited
requirements by allowing scienti ¢ clients to manage multiple jobs and their data on
distributed computing infrastructures. Running cross-infrastru-ctural computations
sometimes requires accessing baPC andHTC sites and has a tremendous potential
for supporting a wide range of scienti ¢ case studies, specially for managing distributed
scienti ¢ work ows consisting of many tasks connected to each other forming compu-
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tational graphsPaper | particularly covers the scenario in which data processing such
as clustering usinglighly Parallel DBSCANHPDBSCAN as well as access via the
GFFS is based on two different infrastructures.

Requirements R1-R8 presented above lead to the analysis of the functional com-
ponents that provide a uni ed and standards-based framework for distributed and
HPC-oriented scienti ¢ applications. These requirements are summaridespier |,

Paper II, Paper IV, and Paper.V

3.3 Functional Component Analysis

This section describes the functional components which are motivated by the require-
ments presented above and the scienti ¢ case studies originating from physical and
learning models. The design of the functional components ensures that the users access-
ing scienti ¢ applications should have seamless management of remote data processing
and management interfaces. The analysis of functional components ful Is thesis ob-
jectivesTO3, TO4and TO5 Furthermore, in combination these components form

a generic architectural framework following open standards. Thus, interoperability
among other standards-based tools is achieved. The development of the functional
components also contributed the experiences and lessons learned for inclusion in the
standard speci cations. From the implementation perspective, this framework provides
technology-agnostic abstractions for heterogeneous, data-intensive and distiB@ed
infrastructures.

3.3.1 Remote Data Processing

Remote data processing refers to a set of scenarios capturing job management and
monitoring in distributed computing environments.

As part of this research project, one objective was to facilitate resource-management-
agnostic submission and monitoring of jobs on remote sites. In order to support multiple
resource management systems, standards-based interfaces play a signi cant role in
enabling multiple computing sites. Job submission and management is realised through
the OGSA-Basic Execution Servi@GSA-BES) speci cation.

The OGSA-BES interfaces described in the rst version of the speci cation lacked
support for expressing adequate resource capabilities, for example nodes, cores-per-
node, and network-type. In pursuit of a standards-based job management service
exporting state-of-the-art batch systems, the GLUEZ2 speci cation model is incorporated
as an extension to tteGSA-BESs BESFactory interface. The resulting BESFactory
implementation is deployed as a server-side component to expose the computing capabil-
ities of the target site. With the GLUE2 extensions, this would require client-side tools
or APlIs to adhere to the GLUEZ2 speci cation for communicating with the server-side
endpoints. The related client tools and APIs have been enhanced with the provision
and understanding of GLUE2 elements, which are then used while expressing service
request and response payloads.

The rst OGSA-BESimplementation was realised as part of the thesis: UNICORE-
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BES. The initial results on this implementation have been published by the author of
this thesis in 76]. UNICORE middleware is used as one of the building blocks, as its
web services environment provides intrinsic support for stateful sens@gthfrough
WSRF-based1g] standards. One reason for using a stateful services environment
was that theDGSA-BESspeci cation mainly focuses on use cases referring to the
stateful nature, such as job execution services and managed job related information.
To implement a stateful service is not a mandatory requirement, since it can also be
developed through a stateless service framework. For instd6céd, 75] are built

upon the established WS-I [5] stack of Web service interfaces.

3.3.2 Remote Data Transfer and Access

Data transfer and management is an essential element to support job execution and
management systems. During job execution, data management is either accomplished
through an automated middleware abstraction or by invoking interactive SSH sessions.
In both cases the data should be made available a priori to the job execution phase and
normally requires transfer to or from different kinds of data sources, such as remote
data repositories [17] or specialised storage management systems [54, 61].

In this respect, different data transfer protocols such as SCR®, [UFTP [101],
GridFTP [72], SFTP [70] and HTTP (S) 21] are extensively used in scienti ¢ comput-
ing. Speci cally, GridFTP provides support for secure and parallel stred@jsapd
therefore appear to be more commonly used among scienti c communities. As part of
the present research work, this is considered to be one of the mainstream requirements
to enable communities from multi-disciplinary backgrounds given that appropriate data
models have been developed and integrated with standards-based interfaces. UNICORE-
BES has been enhanced by the author of this thesis to support job submissions that
access GridFTP-based data sources or sinks. The extension follows JSDL's HPC-FSP
[109], HPC pro le [97] and WSRF basic pro le [52].

The implementation is deployed and used by multiple computing centres across
the computing sites participating in the XSEDE projedq. The UNICORE-BES
implementation with GridFTP access has successfully undergone several interoper-
ability tests in comparison with other similar implementations, for instance Genesisl|
[1]. These interoperability tests ensure that the implementations are compliant with
the mandatory speci cation elements, particularly envisioning the combined use of
JSDL and OGSA-BES speci cations and theiPCrelated pro les. The realisation of
this functional component is demonstrated in the form of an UltraScan gateway imple-
mentation that bridges UNICORE-BES and GridFTP in order to run computations on
the Julich Supercomputing Centre's JURECGA ¢luster accessing data from XSEDE
deployed le systems.

Bridging HPC and HTC infrastructures is one of the critical aspects in execut-
ing cross-site scienti ¢ work ows. In this approach, ti@obal Federated File Sys-
tem(GFFS is integrated with the UNICORE-BES implementation. TBEFSis a
distributed le system that provides a set of components to connect many different
data resources across geographical boundaries into one logical data space known as the
GFFS storage pool. As theFFSembraces open standards-based interfaces, BytelO
andResource Naming Servi€BNS), and is used by scienti ¢ applications running on
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HTC infrastructures, it is an optimal option to promote scenarios in which HPC-oriented
computing jobs analyse data placed on HTC-managed storage. With this integration of
UNICORE-BES and th6&FFS the users running computations BRCcan import or
export data from the GFFS storage space. The main idea was to enable the scienti ¢
communities to perform some part of their computationdH3@I€ and then use the
results produced as input to massively parallel computations on other distriyB@d
sites. One good example is presente®aper |, in which a use case of unsupervised
learning (HPDBSCAN) is showcased. In this approach, the data-oriented work ow is
realised through UNICORE-BES and GFFS integration. The rst pre-processing job
runs on arHTC site managed by the Genesisll execution interface, whereas the second
task of data clustering runs on &fPCcluster managed through UNICORE-BES. For
this work ow, one common, shared GFFS storage space is used, where all the input,
intermediate and output data is stored.

3.3.3 Standard Interfaces and Data Models

As part of this research, standards played a signi cant role in bringing together mul-
tidisciplinary scienti c communities, various tools and infrastructures. The standards
mentioned in Section 2.3, directly and indirectly, contributed to the development and
validation of those speci cations. They are primarily the experience documents of
BytelO [31], the High Performance Computing Basic Pro #IPCBP [108 and the
EMI-Execution Servic€EMI-ES) [99] for harnessing the capabilities of emergiH§C
environments. Furthermore, this thesis made tangible contributions to the modelling of
job provenance, tracking and check-pointing on distributed computing infrastructures,
in the form of the Activity Instance Document11] speci cation published by the
OGF.

3.3.4 Parameter Sweep

Many complex simulations and data analysis tasks running on distributed infrastructures
are often parametric. The Parametric jobs require the same application to be executed
multiple times but with different input parameters, for example application arguments,
environment variables, varying input le names and le contents. Providing such a
model for distributed and parallel applications is a challenging task. To this end, the
OGFhas therefore published td&DL-Parameter SwedpSDL-PS [45] speci cation
to model parameter sweep use cases.

As part of this thesis, a standalone, platform-independent and open source imple-
mentation of the JSDL-PS speci cation, known as the JSDL-Sweep libd&&ghyhps
been developed. The JSDL-Sweep library implementation was inspired by an initial
version produced by the Genesisll middleware team. To implement the thesis objectives,
it was then refactored and improved with the aim of making it more abstract, reusable
and generalised for different middleware technologies. As proof of integration, the
UNICORE's XNJS (eXtended Network Job SuperviseQ( is considered as the
rst candidate to be integrated with the newly developed JSDL-Sweep library. The
capabilities of XNJS are extended in two dimensions: i) for accepting and understanding
the parametric job request with respect to & L-PScompliance and ii) for managing
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Figure 3.3. UNICORE integration with the independent JSDL-Sweep library and the
work ow of processing parametric jobs in the UNICORE execution layer.

the execution of the individual resulting sweep job requests. Figure 3.3 presents an
integrated architecture showing how JSDL-Sweep is connected to the UNICORE's
middleware services. It also depicts how the sweep-based jobs are executed in the
case of parametric or composite computations. The JSDL-Sweep library processes
the request by rst validating it and then generating multiple sweeps according to the
user's parameter con guration. These sweeps are later transformed into the actual
incarnation and execution of multiple normDL-based job requests. EadBDL
request generated is considered as a sub-job and lies within the scope of a composite
sweep job. During the execution of the sweep job, data redundancy is one of the issues
while maintaining sub-job's working or session directories. This situation is eliminated
by using the master-slave pattern. Full implementation details are giveapier IlI.
Furthermore, UNICORE integration with the JSDL-Sweep library is demonstrated
in the form of automated supervised and unsupervised learning models. The detailed
use case analysis and results are publishelaper I, Paper IVandPaper V.

3.3.5 Reusable and Secure Client APIs

User-facing job submission and management services can be more adaptable if they
provide consistent and uni ed client-side APIs. Client APIs expose server side func-
tionality to interact with job management and monitoring, data transfer and access
interfaces through convenient abstractions. In this research project, the standards-based
API known as theunicore—client—wrappef77] was implemented to support gateway
access and integratioRaper Il deals with the APl usage in the light of science gate-
ways and web portals. It shows the bene ts of the Airavata framework by using the
unicore—client—-wrappeAPI to support multiple heterogeneous resource infrastructures
through standards-based models and interfaces.
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3.3.6 Gateway Access and Integration

Many scienti c communities running data-intensive work ows and computational
simulations require a convenient and user-friendly interface that would dispense with
the need to interact with low-level details of the resources (resource management
system or le system) where these applications are deployed and running. Science
gateways or science portals emerged primarily to support this objective. They express
application-speci ¢ and usable front-end services that provide a rich web-based interface
to manage job and data management tasks. Despite the convenient interfaces, there
are still challenges with these gateways, speci cally connecting end users with the
resources providing computing and data capabilities. The R5-Enabling science gateways
requirement represents this in more detail, for instance in a scenario wheienti c
communities with correspondinggateways access computing resources thrangh
services, them x mclient adaptors will be required on the gateway side. This thus leads
to a bottleneck for multi-disciplinary communities or users accessing multiple resources
for one use case. To ful | that requirement, gateway middleware frameworks are being
developed to reduce the overhead of providing a generic bridge for heterogeneous
science gateways in order to integrate multiple kinds of computing and data resources.
Since the UltraScan gateway concerns the area of scienti c gateways, the Apache
Airavata framework 93] is used as the gateway middleware. The author of this thesis
contributed to the Airavata framework's GFAC component, which is speci cally a
separate sub-component following the proxy-ba&&fidpproach for communicating
multiple HPG- and HTC-based execution management systems. The implemented
extension integrates the client API with the support of standards-based (OGSA-BES and
JSDL) job submission and management interfaces. Figure 3.4 depicts an architectural
sketch of multiple kinds of job execution services, showing both the proprietary and the
implemented extension based on standards. This architecture portrays how the standards
play a bridging role while seamlessly integrating multiple job execution service, i.e.
standards compliant deployments overcoming different organisational and technological
boundaries. More comprehensive details are presenteajer .

As the scienti ¢ applications or work ows are mostly accessed through gateways
and gateway frameworks, the Airavata's GFAC extension developed in this thesis can
enable many gateway users to manage their remote jobs and data on a vafiety of
andHTC infrastructures. This extension is not only capable of supporting UltraScan
gateway users but is also useful for other Airavata-enabled gateways, e.g. CI®RES [
and Chemcompute [92].

3.3.7 Secure Access

Security plays an important role in protecting compute and data resources. Two major
contributions have been published on the provision of secure ad®agssy; | andPaper

Il furnish more details. In this are®aper | contributes to the conceptual design
and implementation of authentication and authorisation in scenarios where the user or
subject holds multiple identities, for instance, when one user has access to multiple
infrastructures, i.e. a separate identity for each of them. For this security model, the
UNICORE services framework has been extended to integrate with the GFFS server and
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Figure 3.4. UltraScan Gateway access to multiple execution services through
standards-based and proprietary interfaces. ©John Wiley & Sons, Inc.

client components. One result of this research has made contribution to the XSEDE's
Architecture document (also called security pro Idg], purely based on th8ecurity
Assertion Markup Languag&AML) speci cation. The scenario presentedHaper

| is considered to be a vital contribution to the middleware community as there is no
initiative yet available that supports the standards-based authentication and authorisation
of handling multi-hop user requests. The software artifacts thus produced are deployed
on XSEDE's service provider computing centres. FurtRaper Il contributes to the
scienti c gateways that extend a security model of the Airavata framework to integrate
with the services offered by standards-compli®C andHTC middlewares. The
overall architecture implements the scenario of a science gateway user submitting remote
massively parallel jobs: the request includes several sequences of steps implementing
the authentication and validation of the job submission request, and then forwards it to
the target HPC job execution services.
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4 Summary of Publications

This section summarises the papers that contributed to this doctoral dissertation. These
papers provide more detail on the requirements and functional analysis of the scienti ¢
case studies outlined in the previous chapters.

4.1 Enabling Scalable Data Processing and Man-
agement through Standards-based Job Execu-
tion and the Global Federated File System

M. S. Memon, M. Riedel, A. S. Memon, C. Koeritz, A. Grimshaw, H. Neukirchen.
Enabling Scalable Data Processing and Management through Standards-based Job Exe-
cution and the Global Federated File Systdoyrnal of Scalable Computing: Practice

and Experiencevol 17 No 2, 115-128 (2016).

This publication partially serves the rst thesis objective — TO1 — that involves the
requirements' analysis of the learning models. In the fundamental design of the system
architecture this paper also contributes to TO4 and TO5 i.e. software implementation
and adoption of standards-based models.

This paper focuses on the elicitation of requirements in the course of securely
integrating a distributed le system, termed t@éobal Federated File Syste(tsFFS,
with the standards-based job submission and management middleware, UNICORE,
through theOGSA-BESstandard known as UNICORE-BES. As part of the architectural
implementation, a security model has been designed and implemented as an extended
package in addition to th @ GSA-BESinterface for accessing large data sets placed on a
GFFSmanaged storage space. This scenario is motivated by a machine learning use case
in which the computations need to be managed on BiBt8 andHTC resources, in a
sequential manner. The paper presents a solution in which the standards-based interfaces
of GFFS Genesisll and UNICORE are integrated in a secure and seamless manner.
The data set required for the computation is pre-processed on a Genesisll instance in
anHTC manner, whereas processing occurs &P& site through UNICORE-BES.
Figure 4.5 provides a simplistic view of the realisation by showing a single user running
a learning model work ow using th&FFSclient instance and performing computing
on both HPC and HTC clusters.

The implementation produced by this research is successfully demonstrated by a
use case from the Earth science domain. The scenario uses the 3D point cloud data
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Figure 4.5. A holistic view of the integrat&slobal Federated File Systef@FFS and
UNICORE architecture. ©SCPE.

set that is gathered in the form of a large number of points, which are a set of groups
representing different object surfaces (i.e. the inner city of Bremen in Germany). The
HPDBSCAN B9 application is used underneath to perform anomaly detection using
the DBSCAN [47] algorithm in an HPC environment.

4.2 Advancements of the UltraScan Scienti c Gate-
way for Open Standards-based Cyberinfrastruc-
tures

M. S. Memon, M. Riedel, F. Janetzko, B. Demeler, G. Gorbet, S. Marru, A. Grimshaw,
L. Gunathilake, R. Singh, N. Attig, T. Lippert. Advancements of the UltraScan Scien-
ti c Gateway for Open Standards-based Cyberinfrastructul@s;nal of Concurrency
and Computation\Vol 26 Issue 13, 2280-2291 (2014)

This publication analyses the requirements of physical models and shows the cor-
responding software artefacts developed in the context of supporting scienti ¢ gateway

frameworks. The research conducted for this publication was motivated by the Ultra-

Scan science gateway and ful Is the objectives: TO1, TO2, TO3 and TO5.

UltraScan is a state-of-the-art application package for processing data produced by
Analytical Ultracentrifugation(AUC) experimentation. The UltraScan user community
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Cyberinfrastructures

employs a scienti ¢ gateway called thétraScan Laboratory Information Management
Systen{USLIMS) to run and manage complex simulatiokkSLIMS uses the Airavata
framework P3] to enable computing and data management on different kind of resources

in a proprietary manner. As part of the research, the Airavata framework was designed
and implemented to access execution services and manage remote jobs and data transfers
through standards-based protocols.

Figure 4.6. Architectural realisation of the UltraScan gateway, the Apache Airavata
framework and its integration with the open standards-based job and data management
remote services through client APIs. ©John Wiley & Sons, Inc.

The rst part of the publication analyses the existing state of the UltraScan gateway,
and identi es its limitations. One of the main contributions of this research is enabling
the UltraScan gateway to access different kintHBIC resources and middlewares. As
mentioned above, this is supported by introducing the security model and integrating the
standards-based client API through which an abstract Airavata extension is realised that
helps to manage distributed and remote job executions and their corresponding data.

The second part of the manuscript focuses on the architectural design and imple-
mentation aspects. The implementation is deployed on production computing sites at
Julich Supercomputing Centre, Germany. Figure 4.6 depicts an architectural view of
the different software components involved.

The underlying research resulted in a client API that was published to the Apache
Software Foundation (ASF) repository. Due to active contributions, the author has
been granted formal Apache developer rights to make source code contributions. The
resultant client API is also part of the stable distribution of the Airavata framev@dk [
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4.3 Enhanced Resource Management Enabling
Standard Parameter Sweep Jobs for Scienti c
Applications

S. Holl, M. S. Memon, B. Schuller, M. Riedel, Y. Mohammed, M. Palmblad, A.
Grimshaw. Enhanced Resource Management enabling Standard Parameter Sweep Jobs
for Scienti ¢ Applications, International Conference on Parallel Processing — The
42nd Annual Conference ICPP 2013 Ninth International Workshop on Scheduling and
Resource Management for Parallel and Distributed Systems (SRMP{a8), France,

1 October 2013, IEEE, pp. 783-790 (2013)

This publication contributes to objectives TO2 and TOA4, that provides a technological
basis for enabling massively parallel scienti ¢ applications, in particular of parametric
nature. Pragmatically, computing learning models are mostly parametric and require
multiple iterations until some threshold is achieved. This work demonstrated the au-
tomation of supervised and unsupervised learning approaches.

This paper focuses on the core design and realisation of a standards-based parameter
sweep model. The implementation is based upora@SA-BESspeci cation and
UNICORE's execution management framework. Although the OGSA-BES interface
comes with a request and response protocol for job management and monitoring,
it does not de ne the contents of the job submission request contents.JSbE-
Parameter Swee@SDL-P3 [45] speci cation is an extension afSDLand provides
an abstract model de nition for parametric jobs. As part of this dissertation, the
research presented in this paper also contributed to the interoperability tests with other
computing middleware providers. Conventionally, a parametric job incarnates to an
ensemble of jobs generated on certain criteria, such as a list of application arguments,
le names or environment variables. In order to form this structure a mechanism
should be in place to resolve the composite nature of job submission and management
requests. Thus, in this dissertation a multi-job management pattern is derived and
implemented that orchestrates multiple parametric jobs in reply to a single user request.
The master-worker pattern helps to curb challenges of parametric jobs spawned due to
more complex nested structures (e.g. lists or sets). The adoption of a master-worker
pattern here supports the implementation in two ways, i) structuring and incarnating
before submission ii) managing the job session data with complex and nested parameter
combinations. As proof of implementation, UNICORE's execution framework, XNJS
[10Q is extended. The output of this research endeavour resulted in the standards-based,
stable and platform-agnostic parameter sweep library known as JSDL-Sweep [78].

Furthermore, this paper gives more insight into the implementation details of the
JSDL-Sweep library, which is compliant with td&DL-Parameter SweddSDL-P3J
speci cation. Finally, the paper compares the performance of running a single para-
metric job request with a separate statically generated job requests. It demonstrates a
signi cant performance gain by reducing the number of web service invocations and
having a smaller data foot print of the overall composite job.
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4.4 Enhancing the Performance of Scienti ¢ Work-
ow Execution in e-Science Environments by
Harnessing the Standards based Parameter
Sweep Model

M. S. Memon, S. Holl, M. Riedel, B. Schuller, A. Grimshaw. Enhancing the Perfor-
mance of Scienti ¢ Work ow Execution in e-Science Environments by Harnessing the
Standards based Parameter Sweep Mdttel;eedings of the Conference on Extreme
Science and Engineering Discovery Environment: Gateway to Discovery (XSEDE'13)
San Diego, California, USA, July 22—-25 2013, ACM Press, pp. 56, 56:1-56:7 (2013)

This publication enables a scienti ¢ work ow with a focus on achieving parameter opti-
misation through standards-based parameter sweep models. In this work, the Taverna
work ow system is extended to run parametric work ow jobs on diffeltA€C sites
through the UNICORE middleware. This contribution serves objectives TO1, TO3 and
TOS.

The research work underlying this paper was also motivated by learning models
and enables a scienti ¢ work ow through an automated parameter sweep mechanism.
The underlying research focuses on a scienti ¢ work ow that uses the Tav8fja [
work ow management system at the user end and UNICORE on the server side. The
use case aims to perform parameter optimisation using genetic algorithms. For this
purpose, a specialised parameter sweep plugin for Taverna is implemented. This plugin
uses the JSDL Sweep libraryg] along with the native UNICORE client libraries in
order to submit scienti ¢ work ows on UNICORE managed execution service instances.

Figure 4.7. The gure shows the integration of the Taverna work ow engine with the
JSDL-Sweep library and the UNICORE middleware. ©ACM 2013.
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Figure 4.7 depicts the software integration of Taverna and UNICORE in conjunction
with the sweep functionality. It also shows the ow of a parametric sweep job request.
The gure presents a sequence that starts with i) the de nition of two parameters ax
and bx, ii) Taverna creates several parallel work ow instances, iii) the sweep generator
takes them and creates a JSDL-PS job request iv) that is sent as a remote job request
to a UNICORE Server instance and (v) then the request is nally processed at the
Target System layer. S&aper IVfor more details. This paper describes signi cant
performance improvements while running multiple sub-work ows concurrently.

4.5 Facilitating Ef cient Data Analysis of Remotely
Sensed Images using Standards-based Param-
eter Sweep Model

M. S. Memon, G. Cavallaro, M. Riedel, H. Neukirchen. Facilitating ef cient data
analysis of remotely sensed images using standards-based parameter sweepnaodel,
ceedings of IEEE International Geoscience and Remote Sensing Symposium (IGARSS
2017) Fort Worth, Texas, USA, 23 July—28 July 2017, IEEE, pp. 3680-3683 (2017).

The research that is described in this publication enables an automated classi cation of
remotely sensed images (learning models) using the standards-based job submission and
parameter sweep models. Image classi cation is performed through a parallel version
of a Support Vector MachinégSVM), termed PiSVM. Classifying data is a work ow

of multiple steps, and cross-validation is one of its essential steps. In this research
endeavour, the critical phase of cross-validation is automated for model generation
and testing. The JSDL-Sweep library is used for automating the cross-validation phase
and UNICORE-BES is applied for the remote execution of HPC jobs. This publication
achieves the objectives of TO1, TO3, TO4 and TO5.

The research in the paper focused on the classi cation of the Indian Pines data set
by usingSupport Vector MachingSVM)s. Indian Pines]9] is a well known data set
used in most of the remote sensing research papers. It was acquired in 1992 by the
AVRIS sensor recording information from elds and a variety of crops. To extract any
meaningful information from Indian Pines is critical as it consists of 30 features and
1417 x 617 pixels (with a spatial resolution of 20m).

The research presented in this paper focuses on automating massively parallel ma-
chine learning work ows, i.e. to optimise the identi cation of hyper plane parameters C
and G, through the grid-search method. This process is called the cross-validation phase,
which then leads to model generation. The research prototype presented is based on
theJSDL-Parameter SwedSDL-PS standard in combination witbGSA-Basic Exe-
cution ServicdOGSA-BES. In particular, the implementation uses UNICORE-BES
and supporting Python and Bash scripts. The realisation of the automated classi cation
of the Indian Pines data set enables parallel cross-validatibiP@in a single step.

The only requirement is to prepare the corresponding parameter look-up les, known as
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the data dictionary, with possible enumeration values for the grid-search. The imple-
mented software further performs all the processing and produces one pair of C and G
parameters.

Figure 4.8. The gure compares the (a) manual and the (b) automated process of
cross-validation. ©2017 IEEE.

Figure 4.8 compares two work ows with i) manual analysis and ii) automatic
parameter identi cation. The experiment with the automated mechanism shows a
signi cant impact with respect to usability and overall work ow runtime. The paper not
only points the way to the robust classi cation life cycle of the given use case, but also
provides an avenue for other parameter-oriented and parallel machine learning methods
through a standards-based mechanism.
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5 Conclusions

5.1 Summary

This thesis was motivated by multiple scienti ¢ case studies from different disciplines.

It comprised four mairhesis Objectivie TO1— assess the requirements of two funda-
mentally different data analysis approachES2— compare and contrast requirements
from two different (learning and physical) modelBO3 — develop an architectural
design based on primary functional componefd4— provide technical realisation of

the software prototype3;05- adoption of the produced software prototypes in the form

of distinct case study implementations. The thesis objecii@bandTO2are ful lled

by exploiting the case studies in order to elicit the requirements, Wikiig TO4and
TO5are achieved in the form of the concrete design and implementation of solutions for
enabling physical and machine learning models on distributed computing infrastructures.
This doctoral dissertation produced several contributions in the form of design solutions
and their implementations which have become part of the production middleware plat-
forms. These contributions are devised to form a generic standards-based framework
to enable and facilitate the semi-automated remote processing of complex applications
and access to distributed data sets. The standards-based implementation mitigates
major obstacles while running computations in distributed, multi-resource management
environments. Different data analysis concepts are evaluated and compared for their
suitability for addressing selected scienti ¢ case study needs. As part of the work,
architectural designs were produced to support multi-disciplinary scienti ¢ scenarios.
A strong focus was placed on enabling convenient access for end usdéPCafnd

HTC infrastructures and scienti ¢ gateways, most notably in the form of automated data
analysis, which mainly covers a generic mechanism for reusability by other scienti ¢
and engineering applications. This thesis has also directly and indirectly contributed to
severalOGH4] standards, e.g. EMI-E®¥)], Activity Instance Documentl[1]], and

to the following standard interoperability experience documents, e.g. By&dj@ipd

High Performance Computing Basic Pro [#IPCBP) [108].

The job submission scenario enabled users to manage and monitor their jobs running
on disparate and remote execution services. The sequence of this scenario starts with
a user request that is processed and accepted by the remote execution service after a
response is returned. This scenario and the request and response data structure concerned
are realised through tteGSA-BESspeci cation. The implementation was performed
as part of this thesis: UNICORE-BE$€{] which is compliant with standards-based
job submission and management interfacaper |-V are based upon UNICORE-

BES with respect to the technical and application adoption scenarios. The benchmark
analysis of the preliminary UNICORE-BES implementation is stated#. [ The
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5 Conclusions

OGSA-BESspeci cation provides a generic interface and model for job management.
Nevertheless, it has still some de ciencies while providing user-centred interactions,
such as resource capability advertisement, job chaining or dependency representation,
and server- or client-initiated data transfers. In response to these requirements, primary
extensions necessitated an upgrading of the existing model of the speci cations, which
has been contributed by the author of this thesis t@tpen Grid Forun(OGF) standard
publication a£MI-Execution ServicéEMI-ES) [99].

The GLUEZ2 [15] speci cation, particularly its XML Schema-based renderiag][
is used to identify the sites and resource capabilities through end-user clients and
resource brokers. As part of this doctoral dissertation, the GLUE2 model was carefully
analysed while integrating the OGSA-BES standard with the subset of the extensive
GLUEZ2 model. The outcome of this work is useful in cross-infrastructural work ows
spanningHPCandHTC sites. Also, thesFFSand UNICORE-BES implementations
are integrated with the purpose of bridging heterogeneous services. The authentication
and authorisation model has been developed to support the provisioning of multi-identity
assertions. More details are providedPaper L The research prototypes produced are
now included in the UNICORE and Genesisll's software repositories [77, 78, 60].

The client API plays a vital role in emerging scienti c gateway communities by
providing essential utilities and functions required by gateway frameworks and end-user
portals. The research presented here identi ed and engaged real scienti c communities
by running their computations on distributedPC infrastructures. In particular, the
UltraScan gateway is considered as a motivational use case, providing concrete user
and scienti ¢ requirements, and the standards-based client APl and the Airavata GFAC
extension were developed on this basis. More detailed results are presepgeiril.
Furthermore, the client APIs contributed to the Activity Instance DocumEt] [
standard that provides additional support for debugging and error analysis purposes.

In order to support work ows related to the learning models, the standards-based
JSDL-Parameter SweefdSDL-PS model has been adopted to support the semi-
automatic processing of a typical machine learning life cycle, e.g. classi cation and
clustering. The data model presented8DL-PSis particularly used to automate the
submission and execution of multiple jobs for identifying the optimal hyper parameter
space. For instance, when using 8ugpport Vector Machin€SVM) method together
with the Radial Basis FunctioifRBF) [26] kernel con guration (during the cross-
validation phase), the identi cation of the best single parameter combination is obtained
to produce a model with the highest accuracy. The development and integration of
the platform-independent and open-source JSDL-Sweep library aims to offer a general
purpose utility for diversi ed scienti ¢ work ows, including machine learning and data
mining. Paper IV and Vdescribe the use case and present the implementation details.

5.2 Future Work

In the emerging and dynamic technological environment of computing architectures
where distributed programming models are continuously evolving, it is essential for
data models to address the hardware and software systems deployed. In view of this
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5.2 Future Work

concern, the learning and physical models presented may pose multiple challenges
when accessing current resource management systems and computing architectures.
One prominent scenario is the case of a single computing cluster with heterogeneous
and modular hardware architectures grouped in mini-clusters with different CPUs and
memory con gurations. The EU-funded DEEP-EST projdd [is one such example

that develops multi-purpose and modular supercomputing architectures catering for
different kinds of workloads and applications by providing different node groups with
the most suitable resource capabilities in terms of network, processors and storage.
In addition to multiple hardware speci cations, the DEEP-EST managed cluster is
laden with various parallel programming runtime environments. As future work, a
relevant information and data model is required to conceptualise such set-ups with
adequate access abstractions. This scenario will eventually affect the OGSA-BES
and GLUE2-based interfaces and will require an extension to the existing research
prototypes. Embracing this change at the standards level will impact the range of
services starting from the core job execution or middleware layer up to and including to
the libraries for the end users.

Learning models are attracting increasing attention as data-oriented computing
frameworks have evolved. The open source Hadoop framewdfk is one of such
major enabler providing an ecosystem of tools, execution frameworks, programming
models B9 and distributed le systemslf0Z. Another example is the more recent
Apache Spark]13 framework that provides APIs and tools for processing relational-
and graph-based data structures on general-purpose cluster computing systems. Both
Hadoop and Spark are not only used by commercial applications, but have also been
adopted by scienti c communities. Integrating HPC and Hadoop- or Spark-based
services can support cross-site data and compute-intensive work ows through common
interfaces and models. To widen the scope of the work presented in this dissertation, the
above-mentioned standards and models and their implementations, OGSA-BES, JSDL
and GLUEZ2, and respective client APIs have to be adjusted to accommodate functional
capabilities through a common set of APIs and implementations.

In facilitating the fast-paced evolution of learning models and the respective method-
ologies such as the application of deep neural networks for processing complex image
and video data sets, it becomes imperative to align the middleware abstraction models
accordingly. The state-of-the-art frameworks offering distributed deep learning imple-
mentations are Tensor owlfl] and PyTorch 90]. As a future direction, the work ow
of automating deep learning scenarios on HPC architectures can be realised through the
functional components presented in this dissertation. Speci cally, this effort envisions
the processing of large data sets obtained through remote sensing devices. The initial
approach is published Raper VIl

Apart from the job management and monitoring representations, the underlying
research focused on the use and impact of the iterative execution of learning mod-
els through standards-based parametric data structures. However, the ¢8bént
Parameter SweefISDL-PS speci cation lacks parametric operators to represent new
sophisticated user-de ned functions for evolving learning models. It is therefore nec-
essary to have enhanced functional operators permitting new operations. For this
endeavour, the development will be integrated with the existing model of the JSDL-PS
speci cation, and also implemented in the JSDL-Sweep library [78].
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