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1.5. Publications

Selector (JuMeDaS) and integrated in the context of a middle- and high-throughput
methodology for the 13C-MFA procedure (Miebach, 2012). Being developed several years
in parallel with the SWF, the 13CFLUX2 toolbox (Weitzel, 2009) and the visualization
and modeling software Omix3 (Droste, 2011) are directly integrated in the SWF.

1.5. Publications

In the context of the work on this thesis, the following papers have been published:

T. Dalman, E. Juhnke, T. Dörnemann, M. Weitzel, K. Nöh, W. Wiechert, and
B. Freisleben (2010). “Service workflows and distributed computing methods for 13C
metabolic flux analysis”. In Proceedings of 7th EUROSIM Congress on Modelling and
Simulation, pp. 1–7

T. Dalman, P. Droste, M. Weitzel, W. Wiechert, and K. Nöh (2010). “Workflows
for metabolic flux analysis: data integration and human interaction”. In: Proceedings
of the 4th International Conference on Leveraging Applications of Formal Methods,
Verification, and Validation (ISoLA). vol. 6415. Lecture Notes in Computer Science
(LNCS). Springer-Verlag Berlin, Heidelberg, pp. 261–275

T. Dalman, T. Dörnemann, E. Juhnke, M. Weitzel, K. Nöh, W. Wiechert, and
B. Freisleben (2010). “Metabolic flux analysis in the cloud”. In: Proceedings of IEEE 6th
International Conference on e-Science 2010, pp. 57–64

T. Dalman, M. Weitzel, W. Wiechert, B. Freisleben, and K. Nöh (2011). “An online
provenance service for workflows for distributed metabolic flux analysis”. In: Proceedings
of IEEE 9th European Conference on Web Services (ECOWS). IEEE Press, pp. 91–98

T. Dalman, M. Weitzel, B. Freisleben, W. Wiechert, and K. Nöh (2011). “A hybrid
parallelization approach for cloud-enabled metabolic flux analysis simulation workflows”.
In: Proceedings of 4th GRID4TS Workshop, pp. 30–31

M. Weitzel, K. Nöh, T. Dalman, S. Niedenführ, B. Stute, and W. Wiechert (2013).
“13CFLUX2 – high-performance software suite for 13C-metabolic flux analysis”. In:
Bioinformatics 29 (1), pp. 143–145

T. Dalman, T. Dörnemann, E. Juhnke, M. Weitzel, K. Nöh, W. Wiechert, and
B. Freisleben (2013). “Cloud MapReduce for Monte Carlo bootstrap applied to
metabolic flux analysis”. In: Future Generation Computer Science 29 (2), pp. 582–590.

3 Meanwhile, OmixTM has become a commercially maintained project. See http://www.omix-
visualization.com/ for more information.
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Chapter 1. Motivation: Computer-Assisted Metabolic Engineering

T. Dalman, W. Wiechert, and K. Nöh (2016). �A scienti�c work�ow framework for 13C
metabolic �ux analysis�. In: Journal of Biotechnology 232. Bioinformatics for Biotech-
nology and Biomedicine, pp. 12�24

1.6. Outline

This thesis is organized as follows.
Chapter 2 introduces the scienti�c work�ows concepts and the basic ingredients of a

SWF. A selection of existing scienti�c work�ow approaches are conceptually and techni-
cally compared a with the outcome of this thesis.

Chapter 3 introduces the necessary background knowledge and basic concepts.
The 13C-MFA method is introduced along with the domain-speci�c simulation toolbox
13CFLUX2 and the modeling and visualization software Omix. A brief introduction to
cloud computing concepts and the Hadoop MapReduce software framework are discussed
next.

Chapter 4 presents the design and architecture of the SWF which is split into three
layers (data, application, and presentation tier). Thereby, the derived design decisions are
discussed in due depth. Finally, considerations regarding the deployment of the software
framework are illuminated.

Chapter 5 highlights the service-oriented approach of the SWF, i.e., the extension
of 13CFLUX2 with web service interfaces, the combination of 13CFLUX2 with Hadoop
MapReduce, services for collecting work�ow runtime data, the services to organization and
standardize data and studies, and a set of complementary tools and services to complete
the 13C-MFA procedure is discussed.

Chapter 6 presents use cases that are realized with the SWF. Thereby, the selected
work�ow examples are taken from di�erent areas of the complete13C-MFA procedure as
depicted in �g. 1.2.

Chapter 7 discusses the insights gained from the presented use cases and their solution
using the SWF. The outcome of the thesis is summarized and hints for possible future
work is given on this topic.
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Chapter 2.

Related Work

By presenting related research in the area of scientific workflows, this chapter sets the
conceptual and technical context of this thesis. § 2.1 gives a short introduction to scientific
workflows and selected technical aspects that are relevant for this work. In § 2.2, the
applicability of existing SWF approaches in the context of MFA is discussed. A special
focus is set on FiatFlux-P, an alternative solution based on the Bio-jETI workflow engine.

2.1. Scientific Workflow Framework

Several definitions for workflows are proposed in the literature (see for example Gannon
et al., 2006; W. M. P. v. d. Aalst and Hee, 2002; W. v. d. Aalst and Stahl, 2011). In
this thesis, a workflow is defined as a sequence of connected steps to perform a predefined
task1.

Scientific workflows are specialized workflow applications with requirements that are
typically not covered by conventional (i.e., business) workflow frameworks, e.g., support
for HPC and long-running tasks (I. J. Taylor et al., 2006). Moreover, scientific work-
flows are typically data-driven because tokens of information and knowledge is generated,
consumed, transformed, and deleted in a decentralized fashion. Conversely, some scien-
tific applications require fine-grained control over the workflow execution (Tan and Zhou,
2013). Control-flow applications allow the fine-grained execution of the workflow using
programming language structures. In the 13C-MFA context, the necessity for a SWF with
control-flow support is derived specifically from requirement C4 (cf. § 1.3).

SWFs are understood as structured environments that contain the building blocks of
which scientific workflows are composed (I. J. Taylor et al., 2006). In the context of 13C-
MFA workflows, we identified four basic building blocks that constitute a service-oriented
software solution: (i) data management facilities, (ii) distributed computing support, (iii)
data provenance tracking support, and (iv) convenient user interfaces. Hence, to realize
a service-oriented SWF, several functional units and software components have to be
made available and interconnected through unified interfaces. These technical aspects are
briefly covered next.

1 A similar wording is found at https://en.wikipedia.org/wiki/Workflow; last accessed: May 22, 2017
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Chapter 2. Related Work

2.1.1. Data Management

13C-MFA work�ows involve various inputs and outputs, i.e., measurement data from
biological experiments, genome data, proteins, reaction pathways, models, and simulation
data (Miebach, 2012). These inputs are typically available in data formats that need to
be supported by the SWF, e.g., SBML or FluxML in the case of models.

In addition to research bulk data, the presence of additional model or application infor-
mation is important for the reproducibility of scienti�c work�ows, e.g., original author,
document version, creation time, etc. This information is calledmetadata. Consequently,
various data storage technologies need to be employed, i.e., relational and non-relational
databases, public web and cloud database services, model documents, raw data �les,
application- and device-speci�c formats, and metadata storage concepts to trace the
provenance of information. Further background information about state of the art data
storage and organization concepts is available in the literature (e.g., see Shoshani and
Rotem, 2009; Edlich et al., 2010).

2.1.2. Web Services and Service-Oriented Architectures

To ful�ll the requirements of 13C-MFA applications, the architecture of the SWF needs
to provide several (in parts competing) features, a �exible design by modularization, sup-
port for distributed computing, and seamless access to third-party applications. Service-
Oriented Architecture (SOA) is a paradigm for the implementation and maintenance of
business applications and processes that employ large distributed computing resources
(Josuttis, 2007). The services o�ered in a modern SOA are almost always realized as web
services (Erl, 2014). A web service is a standardized machine-to-machine message passing
communication interface that today comes in one of the two di�erent �avors: SOAP and
RESTful web services.

In many scienti�c disciplines the utilization of existing (legacy) software tools is cru-
cial. For instance, several man years have been invested in the development of13C-MFA
software tools, most prominently 13CFLUX2 and Omix. Hence, the re-implementation of
these tools is out of reach and, thus, their integration is an important technical require-
ment for a 13C-MFA SWF. The adoption of a service-oriented architecture is an elegant
approach to integrate legacy software into complex software frameworks (Sneed, 2006).
Several solutions are found in the literature that aim at the utilization of legacy tools
in work�ow frameworks, e.g., Soaplab2, Opal, or LCDL (Senger et al., 2008; Krishnan
et al., 2009; Juhnke et al., 2009). Inspired by these approaches, Ÿ 4.2.2 presents a custom-
tailored application wrapper for legacy tools that matches the requirements of 13CFLUX2
and similar programs.

2.1.3. Control-Flow Work�ow Management

The de-facto standard language forcontrol-�ow work�ows is WS-BPEL (BPEL for short)
(Andrews et al., 2003). Although originating from Business Intelligenceapplications,

10



2.1. Scientific Workflow Framework

BPEL is in principle suited to be applied in the scientific context as well (Akram, Mered-
ith, and Allan, 2006). BPEL is designed to perfectly fit into the SOAP web service stack
by leveraging the interoperability with XML, WSDL, WS-Addressing, and others. Several
commercial and non-commercial BPEL interpreters are available today2. A popular solu-
tion is the open source ActiveBPEL3 engine. By providing extensions to the ActiveBPEL
engine (e.g., support for long-running workflows and cloud deployment), the applicability
of BPEL in the context of scientific applications is recently discussed in detail elsewhere
in the literature (Dörnemann, 2013).

Beside BPEL, other workflow modeling and execution languages are available includ-
ing UML and YAWL (Fowler, 2003; W. M. P. v. d. Aalst and Hofstede, 2005). Various
lightweight workflow management engines have emerged that employ a traditional pro-
gramming language rather than a specialized workflow language, e.g., PaPY, PyUtilib,
or Hadoop (Cieslik and Mura, 2011; Hart, 2011; White, 2009). Because these approaches
directly access traditional programming language features to define control-flow appli-
cations, lightweight workflow management solutions are seamlessly integrated in larger
workflow applications.

2.1.4. Tracking the Provenance of Data

The collection and management of auxiliary data like intermediate results, process mes-
sages, logs, and workflow job information (e.g., date and time, or executive scientist) is
of utter importance for the reproducibility and the understanding of a scientific study
(Davidson and Freire, 2008). The necessary information to reproduce results from a com-
putational step is called provenance data (Moreau, Groth, et al., 2008). Hence, provenance
data consists not only of intermediate results, but also of process data, metadata, such as
information about hardware and software environments, and log messages.

In particular in e-Science environments, the need to support data provenance has been
identified as a vital information surplus (Oinn et al., 2006). Recently, for data-driven
SWFs several provenance solutions emerged (Altintas, Barney, and Jaeger-Frank, 2006;
Missier, Paton, and Belhajjame, 2010; Cao et al., 2009; Anand, Bowers, and Ludäscher,
2010). For these solutions, the so-called provenance dependency graph can be readily
obtained by unfolding the workflow execution graph (Tan, Missier, et al., 2010). In
contrast, service-oriented (i.e., BPEL-based) workflow frameworks form a control-flow
graph. Thus, the generation and capture of provenance data has to be explicitly defined
in the workflow service interfaces (Curbera et al., 2008).

The Open Provenance Model (OPM) has emerged as a comprehensive specification for
a generic provenance model (Moreau, Clifford, et al., 2011). The major aim of OPM
is the ability to exchange provenance information across various implementations of the
standard. Several provenance solutions already provide support for the OPM standard.

2 A list of BPEL engines is found here: https://en.wikipedia.org/wiki/List_of_BPEL_engines; last
accessed: May 22, 2017

3 ActiveBPEL is GPL-licensed up to version 2. The engine is further developed as the commercially
distributed ActiveVOS solution.
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Chapter 2. Related Work

2.2. Comparison with Existing Scientific Workflow Solutions

In the last decade, life sciences have experienced an increasing demand for integrative
data analysis owing to the advent of various omics technologies. In turn, a variety of
scientific workflow solutions have been developed that assist scientists with the imple-
mentation of new, increasingly complex data integration methodologies. Traditionally,
the bioinformatics community has been the main driver of progress being pushed by the
increasing flood of, e.g. (meta) genomic, proteomic and imaging data. As a consequence,
several approaches have emerged that are optimized to process and analyze these data
types using large collections of tools and libraries. Reviews on this topic can be found
in the literature (e.g., Barker and Hemert, 2008; Curcin and Ghanem, 2008; Deelman,
Gannon, et al., 2009; Romano, 2008; Tan and Zhou, 2013; Tan, Missier, et al., 2010;
I. J. Taylor et al., 2006). Typically, these solutions focus on providing convenient user
interfaces for modeling the data flow or deploying the computational tasks on local or
distributed resources.

Existing scientific workflow solutions are categorized into three groups: (1) general-
purpose engines, (2) lightweight workflow solutions, and (3) specialized systems biology
solutions. Table 2.1 summarizes the findings of this section.

2.2.1. General-Purpose Scientific Workflow Frameworks

General-purpose workflow engines are widely established in sciences and industry. These
scientific workflow frameworks provide a wealth of features for improving common research
tasks, e.g., organization of workflow steps, management of large-scale data, distributed
computing and HPC support, and they are often designed to be easily usable by non-
IT experts. The Java-based Kepler engine aims at solving common technical problems
found in modern bioinformatics workflows, i.e., the use of web service and grid computing
technology, the integration of domain-specific tools, and the need to manage scientific
data (Ludäscher et al., 2006). Especially with the current Kepler 2.4 (released in 2013),
former extensions to improve scientific data handling and provenance data management
have become an integral part of this software suite (Altintas, Barney, and Jaeger-Frank,
2006; Barseghian et al., 2010). Kepler provides a convenient graphical user interface
for workflow modeling, managing workflow instances, and for inspecting the scientific
results and runtime information. Kepler introduces the so-called actor concept, an elegant
approach to integrate third-party applications or web services into the framework (Bowers
and Ludäscher, 2005).

Originally aimed at life sciences (and genomics applications in particular), Galaxy is
a domain-agnostic web platform to facilitate scientific research in general today (Goecks
et al., 2010). The authors focus on accessibility to HPC and cloud computing resources
for non-IT experts, reproducibility of workflows with a provenance framework, and trans-
parency by providing a simplistic yet convenient web user interface. Because Galaxy is
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Data Management
relational DB + + - - - - - + + -

version control - + - - - - - - - -
SBML support - - - - - - + - - +

FluxML support - - - - - - - - - -
Simulation
workstation + + + + + + + - + +

Cluster + + + + + + - + + +
Grid + + + - - - - + + +

Cloud + + + + - - - + + +
Web Services

SOAP client + + + - - + - + + +
SOAP services - + + - - + - - - +

REST client + + - - - + - + + +
REST services - + - + - + - - - +

asynchronous calls + - + + - - - - + +
Workflow Engine

control-flow - - + + - + + - + +
data-driven + + - + + - - + + +
legacy tools + + - + - + - + + -

stand-alone client - - - + + + + - - +
multi-user support - + - + - - - + + +

Provenance Collection
post-mortem analysis + + - + + - - - + +

online collection - - - + + - - - - -

Table 2.1.: Comparison between various existing scientific workflow approaches. The fol-
lowing technical aspects, derived from the requirements for a scientific work-
flow framework, are examined: (a) data management including access to rela-
tional databases, version-controlled document repositories, and support for
specific SBML and FluxML formats; (b) simulations on various computer
types; (c) web service support; (d) workflow engine capabilities; and (e) sup-
port for provenance collection. The selected solutions are deliberately chosen
as representative scientific workflow approaches grouped in three categories:
general-purpose, lightweight, and special-purpose bioinformatics.
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an open source, Python-based software with a clean object-oriented architecture, several
extensions and custom sites have been released already4.

In this thesis, ActiveBPEL is classified as a general-purpose scientific workflow solution.
Recently, the feasibility of ActiveBPEL is evaluated in the scientific context (Dörnemann,
2013). Other prominent scientific workflow approaches include Taverna, KNIME, Pegasus,
and Triana (Hull et al., 2006; Berthold et al., 2009; Deelman, Singh, et al., 2005; Churches
et al., 2006).

2.2.2. Lightweight Scientific Workflow Approaches

Lightweight approaches have emerged that provide solutions to ease the realization or
the automation of research applications. These approaches distinguish themselves from
general-purpose solutions by only addressing a subset of scientific workflow framework
features. Originally, Apache Hadoop has emerged as a MapReduce implementation to
process large amounts of data (White, 2009). Since version 2.0 onward, the open source
Hadoop project is a general Big Data Analysis framework that includes solutions for
data storage (Cassandra, HBase), data processing (MapReduce, Mahout), and workflow
management (Pig, Zookeeper). As demonstrated in the previous chapters with Hadoop
MapReduce, the integration of such a lightweight solutions into the scientific workflow
framework is surprisingly straightforward, especially when the interfaces are kept simple.

The Python programming language has recently gained popularity in the scientific
community (J. Stewart, 2014). Along with this development, several scientific workflow
approaches in Python have emerged5. One such approach is PaPY (Cieslik and Mura,
2011). This approach combines data-driven processing via parallel pipelines with the
procedural control-flow programming using the Python programming language itself. Be-
cause the parallel pipelines approach resembles the MapReduce design pattern, PaPY is
comparable to our approach using Hadoop MapReduce. Like our approach, PaPY offers
an extensive logging framework, which is a prerequisite for online provenance collection.
PaPY provides a minimalistic GUI for visual composition and management (e.g., start,
stop) of workflows.

jORCA provides a graphical bioinformatics workbench for visually composing web ser-
vices (Martín-Requena et al., 2010). As such, the authors focus on a user-oriented graph-
ical interfaces to compose and parameterize workflows, (semi-)automatic data conversion,
access to various web service repositories (e.g., BioMoby and EBI), and a sophisticated
service discovery approach.

2.2.3. Specialized 13C-MFA approaches

In the context of 13C-MFA, only two scientific workflow solutions have been made available
so far. The first is ReMatch (Pitkänen et al., 2008) in combination with Biomine (Eronen

4 https://wiki.galaxyproject.org/PublicGalaxyServers; last accessed: May 22, 2017
5 For example, a partial list of scientific workflow engines in Python is found here: https://wiki.
openstack.org/wiki/NovaOrchestration/WorkflowEngines; last accessed: May 22, 2017
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and Toivonen, 2012), which is a web-based solution that leverages the assembly and export
of network files for the 13C-MFA tools OpenFLUX and 13CFLUX. Like 13CFLUX.net,
Java Server Pages (JSP) and Java Servlets are utilized to realize the user workflows
of ReMatch. The ReMatch client web pages are rendered in a JavaScript-capable web
browser. Because the main functionality of ReMatch is centered around the modeling of
MFA networks, it is comparable to Omix. However, SBML is the primary model format
and the stoichiometry export is currently restricted to 13CFLUX FTBL models. ReMatch
has KEGG and other public databases statically included, while Omix can directly access
the reaction information or the reaction database of the scientific workflow framework via
web services.

The second SWF approach in the context of 13C-MFA is FiatFlux-P, which fosters
automated calculation of metabolic flux ratios with the FiatFlux software in the context
of routine computational analyses (Ebert et al., 2012; Zamboni, Fischer, and Sauer, 2005).
Because FiatFlux-P shares many similarities with the present thesis, the next section is
dedicated for an in-depth analysis and comparison with the SWF.

2.2.4. Bio-jETI: An Alternative Approach

During the development of this thesis an alternative scientific workflow approach is pub-
lished that is based on the Bio-jETI framework (Lamprecht, 2013). To meet the require-
ments of typical users of the Bio-jETI framework (i.e., Biologists and Biotechnologists),
the author realizes six technical aspects of that work:

1. Because the primary focus of their work is the simplification of user processes during
the workflow design, Bio-jETI offers convenient user interfaces to relieve the scien-
tists from the need to create workflow applications with traditional programming
languages. Figure 2.1 exemplarily depicts the workflow design in the Bio-jETI Java
client application.

2. Bio-jETI provides mechanisms to leverage the workflow design by introducing mech-
anisms to handle services (i.e., control flow), data (i.e., data flow), and workflows
(i.e., hierarchical abstraction).

3. The author recognizes the need to integrate existing domain-specific tools in a sci-
entific workflow approach. Thus, the need to integrate these programs in a service-
oriented fashion technically and semantically is emphasized in the Bio-jETI aproach.

4. To handle the combinatorial explosion of possible workflow sequences in typical
bioinformatics applications, a special focus on semantic workflow composition is
handled in their work. Thereby, two aspects are highlighted: (a) the discovery of
available services; and (b) (semi-) automatic workflow composition.

5. Beside supporting the composition of workflow semantically, Bio-jETI provides
static and runtime workflow validation and verification mechanisms.
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• Calculate flux ratios and data post-processing.

• Estimate the intracellular flux distribution.

FiatFlux-P combines raw data analytics with the network model analysis using
heuristics-based threshold values, which makes the integration of new measurement
methods impossible. By exposing the computational MATLAB functions of FiatFlux,
FiatFlux-P emulates the graphical user input and, hence, successfully integrates FiatFlux
into the Bio-jETI workflow framework. Like the SWF, FiatFlux-P supports a variety
of standardized data exchange formats, such as CSV, netCDF, and XML. Furthermore,
FiatFlux-P is capable of utilizing third-party tools, particularly Omix. Comparable to
the SWF, the Bio-jETI framework provides the utilization of HPC resources and the in-
tegration of existing tools via command-line programs or modern web service technology.

In summary, Bio-jETI/FiatFlux-P module is a feature-rich workflow solution for 13C-
MFA applications which addresses the challenges stated in the introduction. With the
visual workflow editor and the semantic checker, Bio-jETI/FiatFlux-P provides well-
designed graphical user interfaces and workflow steering capabilities.
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Chapter 3.

Basic Concepts

This chapter introduces the basic ingredients that are relevant for the outcome of this the-
sis, the SWF. § 3.1 reviews the 13C-MFA procedure. The simulation toolbox 13CFLUX2
and the modeling and visualization software Omix are used to realize many 13C-MFA tasks
(§§ 3.2 and 3.3). The SWF employs a so-called MapReduce framework to deploy com-
putationally demanding 13CFLUX2 computations on high-performance machines, e.g.,
computer clusters or cloud computing resources (cf. § 3.4) (Jin et al., 2011).

3.1. Isotope-based Metabolic Flux Analysis

Metabolic networks are constituted by enzyme-catalyzed biochemical reactions convert-
ing substrate pools to intermediate and product pools. Key properties for the quantita-
tive understanding of the intracellular metabolism are absolute metabolite concentrations
and the reaction rates (the so-called fluxes) as well as their interaction which forms the
metabolic network structure.

Because intracellular fluxes are not directly measurable, model-based approaches aim
at estimating the reaction rates from available experimental data. Isotope-based MFA is
a powerful method for the accurate determination of these fluxes within living cells using
stable isotope tracer experiments (Wiechert, 2001). Basically, this process consists of two
steps (cf. fig. 3.1):

I. Isotope Labeling Experiment. The workflows discussed in this thesis are based
on the classical steady-state 13C-MFA approach. The general approach comprises
several steps: (a) Pre-cultivation: microbial cells are cultivated in a bioreactor
until a critical population density is available (using non-labeled sources like 12C-
glucose). (b) Main cultivation with feed of tracer isotopes: the cell culture is fed
with a mixture of specifically labeled isotope substrates (e.g., by exchanging specific
12C substrate labeling positions in parts or completely by 13C or 14C tracers); (c)
Sampling: during the transient labeling phase or as soon as the isotope enrichment
is saturated (i.e., the cell culture is in the isotopic stationary state), samples are
drawn, cell metabolism is immediately quenched, cell supernatants are removed,
and samples from the purified cell solution are subjected to chemical analysis (e.g.,
1H-NMR or GC-MS). (d) Chemical analysis: labeling patterns of the samples are
measured.
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Fortunately, Omix provides an extensible plug-in mechanism which eases the integration
with third-party tools. Specifically, Omix and 13CFLUX2 programs are combined by
employing these plug-ins and the SWF web services. Later sections present the design
(§ 4.2.2) and implementation (§ 5.1) of the SWF web service interfaces. The challenging
variety of 13C-MFA simulations using the scientific workflow approach taken by this thesis
is discussed in chapter 6 in due detail.

3.4. Cloud Computing with Hadoop MapReduce

Because the 13C-MFA workflow employs several highly-specialized software packages
(which are possibly maintained by a third-party), it is desirable to integrate these tools
seamlessly into a distributed computing environment. Like many other contemporary
scientific workflow projects, this work addresses computationally challenging tasks by
employing sophisticated cloud computing solutions. Cloud computing in general is cov-
ered in depth elsewhere in the literature (e.g., Mell and Grance, 2011; Buyya, Broberg,
and Gościński, 2011; Erl, 2014).

In recent years, the MapReduce architectural pattern has evolved as a generic, domain-
independent processing method for large amounts of data. Several MapReduce implemen-
tations have emerged that utilize cluster and cloud computing resources for performing
computationally demanding tasks in an embarrasingly parallel4 fashion. With MapRe-
duce, an elegant approach to implement Monte Carlo methods (the Bootstrap algorithm
in particular) massively parallel on local clusters and cloud computing HPC resources is
available (Scott, Blocker, and Bonassi, 2016).

The usefulness of MapReduce is demonstrated in various scientific disciplines (especially
life sciences) has been presented multiple times in the literature (e.g., Pratx and Xing,
2011; Wall et al., 2010; Matsunaga, Tsugawa, and Fortes, 2008). MapReduce and the
cloud-capable de-facto standard implementation Hadoop MapReduce is briefly recapitu-
lated in the next paragraphs. On the example of the aforementioned MCB algorithm, the
applicability of this approach in 13C-MFA applications is demonstrated in this thesis.

3.4.1. The MapReduce Programming Model

Two functions, map and reduce, are required to be implemented by the user with the
following prototypes (Dean and Ghemawat, 2004):

map (k1, v1)→ list (k2, v2)
reduce (k2, list(v2))→ list (v2)

These interfaces are similar to those present in Lisp and other functional programming
languages. list denotes a list of objects, k1 and k2 represent key types, v1 and v2 are
value types. The input key/value pairs (k1, v1) are pairwise independent, thus, map can be

4 https://en.wikipedia.org/wiki/Embarrassingly_parallel
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invoked in parallel for all pairs, yielding an intermediate list of mapped (k2, v2) pairs. For
each key k2, the corresponding values v2 are grouped and passed to the reduce function,
which merges – or reduces – final result values to a list of type v2.

3.4.2. Apache Hadoop MapReduce

The open-source Apache Hadoop project has emerged as the de-facto standard imple-
mentation for the MapReduce programming model (White, 2009). Providing custom map
and reduce functions, Hadoop automatically manages parallel and fail-safe execution of
these functions on traditional clusters as well as on-demand cloud infrastructures. As an
outstanding feature, MapReduce jobs may be defined by using native libraries (e.g., C++
and Java), or by providing map and reduce as console applications for the streaming API.

3.4.3. Amazon’s Elastic Map Reduce Cloud Service

To deploy Hadoop jobs in the cloud, Amazon’s cloud Hadoop offering named Elastic Map
Reduce (EMR) is employed. EMR is built on top of the web storage service Amazon
S3 and the virtual infrastructure service Amazon EC2. On-demand resource access to
computational nodes and storage is possible by web service interfaces without knowledge
or control of the technology and the infrastructure provided. Virtual machine instances
are used like dedicated physical hosts typically within a few minutes after the provisioning
request. The configuration is customized with respect to the number of CPUs, amount of
RAM, and instance storage. In addition to these settings, the price per time slot varies
(Dörnemann, Juhnke, and Freisleben, 2009). Pre-configured virtual machines running
Hadoop are offered that obviate the need for setting up an own Hadoop cluster.

3.4.4. Distributed MCB Implementation with Hadoop MapReduce

The presented MCB algorithm with 13CFLUX2 is easily applied to the MapReduce pro-
gramming model. Given a list of prepared FluxML files (i.e., configured with artificial
measurements and random initial flux values), Algorithm 2 depicts a straight-forward
MapReduce solution of the MCB procedure. A remarkable feature of this solution is
that the 13CFLUX2 tools are used as-is to parallelize the simulation on cloud computing
resources. Thus, with Hadoop MapReduce and Amazon’s EMR, a cloud solution for 13C-
MFA is available. § 5.2 presents the implementation details of the Hadoop MapReduce
approach taken in this thesis.
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Algorithm 2 Parallel MCB algorithm with MapReduce

Map(Filename,FML )
1 ▷ Parameter estimation
2 FWDSIM ← fitfluxes(FML )
3 ▷ Successindicates whether the execution of fitfluxes was successful
4 return (Success,FWDSIM )

Reduce(Success,FWDSIMList )
1 ▷ Only collect successful fitfluxes runs
2 if Success= True
3 then return collectfitdata(FWDSIMList ))
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Context class. Likewise, theReduce class is implemented using the 13CFLUX2 Java
wrapper classFWDSIM2CSV. An error-code (i.e., 0 for success, a negative number otherwise)
and the processed FML �le name is prepended to the output CSV data. The Hadoop
framework transfers CSV �les from �nished reduce tasks to the persistent S3 storage.
The number of output �les corresponds to the number of reduce tasks.

5.2.3.2. Monte Carlo Bootstrap Master Application on Amazon EMR

Figure 5.4 presentsMCMapReduce, a BPEL realization of the MCB algorithm using
Amazon's EMR cloud service. These Java classes are realized inMCMapReduce:

� AmazonElasticMapReduceClient is responsible for setting up and con�guring the
EMR cloud resources. AWS credential access and compute nodes are con�gured, i.e.
number and type of nodes are speci�ed. The Amazon SDK provides a comprehensive
REST API to perform this task.

� EMR jobs are con�gured and executed with the RunJobFlowRequestclass.

� The API class HadoopJarStepConfig is utilized to de�ne FluxHadoopas implemen-
tation of the Hadoop mapand reduce functions.

Beside initializing the cloud resources and de�ning the EMR job steps,MCMapReduce
provides a WSRF web service interface. After starting a MCB job,MCMapReducepolls
the Amazon service for state changes. The work�ow then registers as a state change lis-
tener, being automatically noti�ed using WS-Noti�cation when the services have �nished
computation (�g. 5.4, step 5). In the meantime, the work�ow (or work�ow branch if there
is more than one) is suspended.

5.2.4. Hybrid-Parallel Parameter Estimation

In recent years, the number of cores per CPU has drastically increased, and this trend
is likely to continue (Pacheco, 2011). Although Hadoop MapReduce not only distributes
computational tasks on cluster nodes, but also on all cores of a node,N � M �t�uxes tasks
are scheduled for the MCB algorithm with FluxHadoop. This has two consequences on
the performance: �rstly, each �t�uxes call is traversed through a stack of Java code (i.e.,
the FluxCore library, the Hadoop MapReduce Java API, the Hadoop TaskTracker, and
the Java Virtual Machine) which adds increased runtime and memory usage (Sammer,
2012). Secondly, each�t�uxes has an overhead of computational tasks for loading the
FluxML �le, verifying the integrity of the standard equations, computing the matrices,
and (after �nishing the parameter estimation) writing out the FWDSIM XML �les.

Both problems are addressed byFluxHadoop2, which employs multi�t�uxes , a multi-
process variant of�t�uxes (Ÿ 5.5.3 provides a detailed description ofmulti�t�uxes ). Flux-
Hadoop2 introduces the con�guration option K as the number of simultaneous param-
eter estimation processes permaptask. Hence, by combining Hadoop MapReduce with
a shared memory parallelization approach, onlyN � M=K tasks need to be scheduled
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Figure 5.4.: Embedding the Hadoop MCB algorithm into a BPEL workflow. A workflow
executed in a BPEL engine invokes the MCMapReduce service via a SOAP
call (1). Using the AWS API, a Hadoop job is started (2) and the job is
executed on cloud computing resources (3). The MCMapReduce service polls
for the completion of the simulation job (4) and eventually returns a SOAP
notification (5).

by the Hadoop framework. Each map task performs M multi-start optimizations, thus,
K ≤M and K ≥ 1 tasks are executed in parallel on a node. Because multifitfluxes emits
M flux vectors as HDF5 formatted data, these intermediate outputs need to be converted
to CSV results. Therefore, a different converter is employed to implement the reduce
step (i.e., hdf5tocsv instead of fwdsim2csv; cf. § 5.5.5). Table 5.1 summarizes the findings
of the three introduced MCB realizations using the Hadoop MapReduce framework. In
§ 6.6, the performance improvements of FluxHadoop2 are presented.
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Streaming FluxHadoop FluxHadoop2
13CFLUX2 binding Python FluxCore FluxCore
map program fitfluxes fitfluxes multifitfluxes
reduce program collectfitdata fwdsim2csv hdf5tocsv
Number of mappers N ×M N ×M N ×M/K
Number of reducers 1 ≥ 1 ≥ 1

Table 5.1.: Comparison of the MCB realizations with Hadoop and 13CFLUX2. Only one
reducer is employed in the straight-forward streaming version. Because the
hybrid version employs k cores per node using multifitfluxes instead of
fitfluxes, only N ×M/K map tasks need to be scheduled by the Hadoop
framework.

5.3. Provenance Collection Services

In the SWF, the collection of provenance data can be controlled by employing the four
basic building blocks of the framework in 13C-MFA workflows: (i) the fluxlog library,
(ii) the provenance store fluxprov, (iii) the provenance query client provclient, and (iv) a
web service interface for managing provenance stores on demand. This section describes
how to integrate and use these services efficiently in 13C-MFA workflows. Because the
SWF provenance collection components allow the operation with TCP, UDP, or SCTP,
suggestions for choosing the optimal transport protocol is given at the end of this section.

5.3.1. Creating Provenance Data using the Fluxlog Library

The fluxlog library is used to extend applications with the ability to emit messages to a
provenance store. Although fluxlog is shipped as part of the 13CFLUX2 toolbox6, the
library can be used with any C++ program to create provenance data. The following
features are offered by fluxlog:

• Immediate output: provenance messages are created and published immediately.
Thus, the execution of workflow steps can not only be observed post-mortem but
online as well.

• Various log types: support for level of detail for different logging types, i.e., error,
warning, notice, information and five additional types of debug messages.

• Multiple streams: emit provenance messages to multiple output streams (e.g., a file
and a networking interface).

• Performance optimized: The fluxlog library is developed with special focus on mem-
ory and runtime efficiency. Depending on the application’s parameterization, logging

6 The API design and implementation of fluxlog is jointly developed with the 13CFLUX2 original author
Michael Weitzel.
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Figure 5.5.: Simplified UML diagram of the fluxlog class library. Publisher classes are
registered in the LogManager singleton instance. By calling the log method,
provenance messages are committed to all registered log publishers which
subsequently decide on the log level whether to emit the messages. Further
attributes (e.g., message formatting or coloring) can be configured in the
publisher base class LogMessagePublisher.

can be activated at runtime for certain log types. By employing C/C++ macros,
logging types can be disabled at compile time and, thus, impose zero runtime over-
head on performance-sensitive simulations.

The UML class diagram of fluxlog is shown in fig. 5.5. To make an application prove-
nance aware using fluxlog, the following steps need to be realized:

1. Select a logging publisher method: the abstract LogMessagePublisher class provides
interfaces for concrete provenance log publishers. Besides the publish function,
which emits the provenance messages, various commonly used methods are provided,
e.g., to define the output format (formatMessage). There are several concrete
publisher classes available: FilePublisher emits messages in files or the standard
console output. To disable the output entirely on runtime, the NullPublisher
class is employed. Under Linux, the file descriptor publisher FDPublisher is used
to send messages to files. Specifically, because networking interfaces are accessed
via file descriptors on Linux, this class is employed as base class for the networking
publishers (TCPPublisher, UDPPublisher, and SCTPPublisher).
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Figure 5.6.: Simplified UML diagram of the provenance store fluxprov. The Server class
represents the provenance store. While multiple provenance sources (i.e.,
sinks from TCP, UDP or SCTP protocols) can be connected at a time, at
most one query client is allowed to be active which is represented by the
Drain class. Query clients are connected via TCP. The Socket class is a
simple abstraction of the Unix socket interface (Stevens, Fenner, and Rudoff,
2003). The LogInfo class describes provenance messages and is imported
from the fluxlog library.

2. Configure the logging behavior : the LogManager class is a singleton class that is
used to configure an application for its logging behavior. In 13CFLUX2 programs,
the parameter −l controls the output of the provenance data. In fluxlog this is
performed with the SETLOGLEVEL macro which accepts the most significant ordered
enumerator type (i.e., ERROR, WARNING, NOTICE, INFO, and five DEBUG
levels).

3. Emit provenance information: fluxlog offers two ways to emit logging messages: a
macro is used to emit general messages (e.g., fINFO or fTHROW); secondly, by inher-
iting from a publisher, a custom stream for emitting specific data can be realized.
Instead of using the aforementioned macros, messages are emitted directly using the
class publish method.

5.3.2. Recording of Provenance Data

Beside the creation of log messages in an application, both, smart capturing and fast
transport of provenance data to a provenance store are performance critical tasks. Cap-
turing provenance messages from distributed 13CFLUX2 applications requires an efficient
communication between a fluxlog program and the provenance store fluxprov. Hence, the
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