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Abstra t
We provide the framework Anduril (ANalysis of Data Using Rapid Integration of aLgorithms) for systemati

methodology development, adoption of methods developed by third

parties and rapid analysis of data. Anduril ar hite ture is built on generi , reusable omponents, su h as algorithms and

onne tions to remote databases. The

omponents omprise

a network that allows rapid and reprodu ible analysis, straightforward in lusion of novel
methods and

omprehensive summary report in luding the results and parameters for the

omponents. In our

ase study we demonstrate the utility of Anduril in testi ular

an er

study. Anduril is platform-independent and is available under the GNU General Publi
Li ense from

http:// sbi.ltdk.helsinki.fi/anduril/.

1 Introdu tion
Computational analysis and integration of data from heterogeneous sour es are essential features
of systems biology. In parti ular the role of multivariate methodologies is prominent when analyzing high-throughput data sets typi al for genome wide studies. Appli ations of su h analysis
methods typi ally produ e long lists of andidate genes or proteins that are often hallenging
to translate into novel knowledge or testable hypotheses. Thus, integration of data from heterogeneous sour es, su h as protein-protein intera tion or pathway databases, are used to gain
putative fun tional onsequen es of the andidate gene lists. Indeed, bioinformati s ommunity
has developed a vast array of methodologies to analyze and integrate data, and demonstrated
their utility in several diseases and model organisms. The availability of su h methodologies reates a need for a framework that allows systemati and exible integration of data and analysis
tools.
Here, we des ribe Anduril (ANalysis of Data Using Rapid Integration of aLgorithms), an open
sour e framework for advan ed bioinformati s analysis. Anduril is able to ontrol the whole workow from data importing to automati ally generated summary report in luding parameters for
the methods exe uted in the workow, gures, tables, and annotation information. A workow
in Anduril is based on exe ution of omponents that are entities responsible for spe i data
pro essing tasks. The omponent based ar hite ture allows straightforward integration of novel
algorithms and servi es.
There exist few workow-based systems for bioinformati s analysis, most notably GenePattern [5℄ and Taverna [4℄. In omparison to these methods, Anduril oers several unique features. For example, automati exe ution of only those omponents whose onguration has been
hanged sin e the previous run may result signi ant time saving in large-s ale proje ts. Also,
automati generation of the summary report for the whole workow fa ilitates interpretation of
the results. Anduril has been designed primary for lo al installations where large data sets an
be moved between the omponents and the development and the testing of new methods plays
a signi ant role.
The design prin iples for Anduril stem from needs to manage large-s ale, bioinformati s heavy
proje ts. In su h proje ts the analysis is performed by a team of bioinformati ians rather than
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an individual bioinformati ian. The analysis y le in ludes exe uting new analyses with dierent
parameter settings or novel algorithms based on dis ussion with experimental bios ientists. This
kind of intera tive analysis forms the ore of systems biology and requires a exible bioinformati s
framework that allows on urrent programming of the methods with, for instan e, the agile
programming development prin iples.
Anduril is designed for bioinformati ians and omputational biologists familiar with ommand
line interfa es and preferably having some programming experien e. The end produ t of an
analysis is a summary report that an be used as the basis of the results evaluation. The
summary report an be used as an arti le supplement to provide details of the analysis steps so
that the whole analysis is truly reprodu ible.

2 Methods
Anduril workows onsists of steps of analysis that are following ea h other. Ea h step is arried
out by a omponent apable of arrying it out. A omponent is an exe utable that reads les
as input and writes les as output. A omponent an have varying number of mandatory or
optional input and output ports. Ea h port represents a le or a dire tory. In addition to le
inputs, omponents have simple parameters su h as Booleans, integers, and strings. The ports
and simple parameters have types asso iated with them. The type system enables stati error
he king and omponent interfa e do umentation. The port types are extensible, while simple
parameter types are xed. The type system supports subtyping, so that a omponent that
supports type A will also a ept type B if B is a subtype of A. The interfa es of omponents are
do umented in a uniform manner, so omponents an be used as bla k-boxes when ne essary.
Components an be reused between analysis proje ts but it is also possible to write proje tspe i omponents that are used only in one analysis. Most omponents are provided by
appli ation-area spe i frameworks and the ba kbone framework provides a few ore omponents.
Components an be written in any language sin e the only requirement is the ability to read
and write les. Language independen e enables to leverage existing ode from various libraries
su h as the Bio ondu tor library for R [2℄ or other ommunity-eort servi es. In order to fa ilitate
omponent writing, we provide language spe i mini-frameworks for the languages su h as Java,
Matlab, Python and R. Mini-frameworks provide servi es that most omponents need, su h as
an interfa e to the workow engine and fa ilities for reading and writing les asso iated to ports.
A omponent is used through its external interfa e, whi h onsists of input and output ports
and simple parameters. An important part of the interfa e is do umentation. All aspe ts of
the interfa e an be do umented. The interfa e is spe ied with an extensible markup language
(XML) le alled a des riptor le. The framework reates HTML manual pages for all omponents based on des riptor les. This provides uniform do umentation for omponents written in
dierent languages.
Type parameters an be used to in rease the exibility of omponents. A type parameter is
a pla eholder for a type that is xed when the omponent is used in a workow. A omponent
that has type parameters is alled a generi omponent. A type parameter an be used for input
and output ports in pla e of a on rete type. The me hanism is similar to generi s in Java. An
example of a generi omponent is one that opies a le from one lo ation to another. It does
not are about the type of the le and therefore the type is parametrized. The a tual types for
type parameters an usually be assigned by a type inferen e algorithm, so mu h of the generi s
ma hinery works transparently to the user.
Con rete appli ations are reated by wiring sele ted omponents into a dire ted network
where the output port of a omponent is onne ted to the input port of another. Sin e the ports
are typed, the framework is able to stati ally dete t type mismat hes in port onne tions. Stati
error he king is advantageous in large-s ale proje ts where exe ution of an analysis pipeline may
take days.
Composite omponents allow en apsulation of several omponents into one and modularizing
a large network into subnetworks. A omposite omponent is a network of omponents that
fun tions as a single omponent. Ea h omponent implements a part of the omposite omponent.
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A omposite omponent an be instantiated several times in a network. Like regular omponents,
omposite omponents may have any number of input and output ports and simple parameters.
In addition to help in managing large workows, omposite omponents allow to reuse network
topologies between analysis proje ts, mu h like fun tion libraries in traditional programming
languages.
Conditional bran h omponents are used to dynami ally sele t alternative exe ution paths
in the network. They orrespond to ase statements in programming languages. A onditional
bran h omponent is asso iated with two or more optional bran hes and it an enable ea h
bran h independently. At least one bran h must be enabled. Ea h onditional bran h has a
unique asso iated join omponent that joins the bran hes.
Network topology is ongured using a high-level domain spe i language (DSL) that synta ti ally resembles programming languages su h as Java but is mu h simpler. The advantage
of a DSL is that it is possible to use the framework without writing ode in an a tual programming language. The language is strongly and stati ally typed [6℄, whi h means that the types
of all names are known before the network is exe uted and type errors are aught. Types are
not expli itly de lared but are inferred from the ontext. A epted values of parameters are
determined by their types (boolean, int, oat, string ) but annot be further restri ted to ertain
ranges. Syntax of the onguration le has been designed for humans working with text editors
and integrated development environments. Ea h omponent instan e is represented by a simple
all that dened its inputs and parameters and an assignment to the instan e name.
The network is exe uted by laun hing omponents in any order permitted by onne tion
dependen ies. Components that do not depend on ea h other are automati ally exe uted in
parallel. This allows to take an advantage of multi- ore CPUs without requiring the user to
take are of details su h as pro ess reation and syn hronization. The maximum number of
parallel threads an be ongured. The urrent version of Anduril does not support task queues
ommonly used in omputer lusters but this would be a useful target for development in future.
All intermediate and nal results of omponents are stored on disk. Also, onguration settings of all omponents are stored. When a network is exe uted again, the workow engine
an infer omponents whose onguration has hanged sin e the previous run. A omponent is
onsidered as hanged if its simple parameters, input onne tions, version number or timestamps
of input les have hanged. Only hanged omponents and those that depend on hanged omponents are re-exe uted. This partial re-exe ution of the network supports the iterative nature
of s ienti resear h. The resear her an tweak parameters of omponents to see their ee t on
the result and only ae ted omponents are exe uted. Partial re-exe ution is transparent to the
user. As a onsequen e of this feature, ea h omponent instan e must be exe uted at most on e
and the network must be a y li . Component instan es that are intended for repeated invokes,
su h as some those generating timestamps or responsible of fet hing data from volatile sour es,
an be tagged for automati refresh on ea h exe ution. It is also possible to freeze ertain instan es so that they do not rea t to hanges in their inputs. Although this may risk the validity
of the results it helps in restri ting the ee ts of alterations of ertain ' onstru tion sites' from
propagating unne essarily.
Anduril provides support for omponent-level and network-level bla k box testing that aims
at ensuring that omponents and workows are working orre tly. Test ases also provide a
onvenient method to invoke omponents that are under development, without the need to pla e
the omponents into a tual analysis networks. Test-driven development, where omponent test
ases are written before ode, is an approa h that has worked well in various large-s ale software
proje ts [1℄.

3 Results
To demonstrate the usefulness and features of the framework we have re-analyzed mi roarray
expression data from a testi ular germ ell tumor study [7℄. Testi ular germ ell tumor (TGCT)
is the most ommon type of germ ell tumors [7℄. In testi ular tumorigenesis normal germ ells
rst develop to premalignant and noninvasive intratubular germ ell neoplasia (IGCN). Based
on histology, TGCTs are ategorized as seminoma, whi h resemble IGCN, and non-seminoma
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that are a heterogeneous group of tumors [7℄. The embryonal ar inoma ells an further dierentiate to horio ar inoma, teratoma and yolk sa tumor. The main obje tive of the study by
Skotheim et al. was to ompare expression proles between undierentiated embryonal ar inoma and dierentiated samples (normal testi ular paren hyma and the dierentiated subtypes
of nonseminomas, whi h in lude teratoma, horio ar inoma, and yolk sa tumor). Here, our goal
is the same but using alternative and additional methods. Quality ontrol of the input data and
the result annotations are onsiderably improved in omparison to the original analysis.
Conguration and the results are reported automati ally after ea h exe ution. Full Anduril
generated summary report an be found from Anduril home page. Also the network and omponents used in this ase study are freely available. In total, the network is omposed of more
than 100 omponent instan es, some of whi h are en apsulated in omposite omponents. Input data onsists of 17 samples analyzed with two- olor Agilent Human 1A mi roarrays that
measure 19061 features. The referen e in ea h experiment was a pool of 10 human ell lines.
Network exe ution takes approximately 15 minutes on a ontemporary server when the network
is exe uted for the rst time. On the subsequent runs, exe ution took between 15 se onds and
15 minutes depending on the hanges made to the network ongurations.

4 Dis ussion and on lusions
Anduril is a unique workow-based framework for professional data analysis. The ar hite ture
and features are designed to support systemati methodology development, adoption of methods
developed by third parties and rapid analysis of data. Thus, Anduril also provides means to
des ribe ourse of the analysis with su ient details rendering the analysis truly reprodu ible.
This feature is ru ially important as a major reason for failure to validate some an er diagnosti
studies is attributed to insu ient des ription of the analysis [3℄.
In our ase study we reanalyzed the data originating from Skotheim et al. [7℄ to demonstrate
the utility of Anduril and its mi roarray analysis framework. The running of the whole analysis
in luding pathway and protein-protein intera tion analyses took approximately 15 minutes. To a
large degree, our results agreed well with Skotheim et al. despite the use of dierent prepro essing
and methods. For example, the genes GAL (Galanin Pre ursor) and POU5F1 (POU domain,
lass 5, trans ription fa tor 1) were also identied by us and these genes were validated as
diagnosti markers for undierentiated tumor ells using tissue mi roarray with 510 lini al
testi ular samples. We have also demonstrated that Anduril fa ilitates testing dierent parameter
values, the impa t of ex lusion of a subset of samples and integration of novel algorithms. Though
detailed dis ussion of the results is beyond the s ope of this study, the ability of Anduril to rapidly
analyze high-throughput data should be lear.
Currently, we provide over 100 omponents mostly for high-throughput data analysis. The
omponent repository is freely available and updated frequently. Further, in lusion of new omponents to Anduril is straightforward and the apability to harness novel algorithms allows
analysts to fo us on improving existing algorithms or developing novel ones rather than reinventing the wheel. We are urrently developing an E lipse plug-in for Anduril. This plug-in will
provide syntax highlighting, syntax validation and the sele tion of supported omponents and
onne tions. The software is freely available on-line and in ludes a omprehensive user guide
and do umentation.
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