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Abstract. In this document, we propose a presentation mechanism for
exploring the results of enactment of Taverna work ows. To s pecify the
work ow results of interest and the way they are to be organis ed, the
user formulates a query over a work ow of interest. This quer y can be
speci ed using an interactive interface, for which a propos al is made. The
work ow results satisfying a query are displayed in a tabula r format.

1 Introduction

Taverna is a work ow workbench that provides users with mears to specify and
enact data driven work ows [1]. A work ow is de ned as a set of processors con-
nected using data links. Processors are associated with séce operations. Enact-
ing a processor implies invoking the associated service opion and (eventually)
collecting the results. A data link connects a processor oyiut to a processor in-
put, specifying that the data produced by the former are to beused to feed the
execution of the later.

To explore the results of enactment of a work ow, Taverna provides a panel
containing the list of parameters of the processors that cormpose the work ow.
To know the data value(s) taken by a given processor input/ouput at enactment
time, the user chooses the input/output in question from the list of constituent
parameters. The value(s) taken by that parameter are then dgplayed in another
text panel.

The above mechanism is the only means provided by the Tavernaorkbench
to explore the results of work ow executions, and feedbackrom the users shows
that it is not always e ective for analysing and interpretin g the results of work-
ows. For example, it does not allow users to:

{ Associate the data values of di erent parameters in a work ow.
{ Select and organise the results in di erent ways.

In this document, we present a exible presentation mechansm for exploring
the results of enactment of Taverna work ows. It allows a use to specify a
query that indicates the results of interest and the way theyare to be organised



by using a graphical user interface. The work ow results saisfying the query
speci ed can be displayed in a tabular format or explored as éierarchical data
format.

The remainder of the document is organised as follows. We bégby formally
de ning a Taverna work ow (in Section 2) and by presenting examples of user
queries that motivate the need for exible presentation of work ow results (in
Section 3). We then specify the abstract syntax of the languge that we pro-
pose for querying work ow results (in Section 4), and presehthe GUI used for
specifying queries in this language (in Section 5). The Tawna system stores the
results of execution of work ows using RDF graphs. We show hw the queries
can be translated into SPARQL, an RDF query language (in Secdbn 6), and go
on to show how the results of SPARQL queries can be constructkin a Tabu-
lar format. Finally, we conclude the document in Section 8 bydiscussing some
technical issues regarding the implementation of the mechaism proposed.

2 Taverna Work ow

For our purposes, we de ne a Taverna work ow wf as a set of processors con-
nected together using data links. Formally:

wf = hmameWf, PR, DL i
where nameWf is a unique identi er for the work ow wf, PR is the set of proces-

sors from whichwf is composed, andDL is the set of data links connecting the
processors inPR.

Processors A processorpr 2 PR is a pair:
hnamePr, desad

where namePr is the unique identi er for the processor within the work ow wf
and descis a textual description of the processor's task.

Parameters A processor parameter is a pair:

hpr, pi

pr is processor andp is a pair: p = hnameP, typei, where nameP is the parame-
ter's identi er (unique within the processor pr) and type is the parameter's data
type. Given a processoipr, we useinputs(pr) and outputs(pr) to denote the input
parameters and the output parameters ofpr.

! The proposed query language can in principle be used for queying the results of
work ows written in any language that connects processors u sing data links.



Data links A data link describes a data ow between the output of one proes-
sor and the input of another. Let IN be the set of all input parameters of all
processors present in the work owwf and OUT the set of all output parameters,
ie.

S S
IN = inputs(pr) OouT = outputs(pr)
pr 2 wf:PR pr 2 wf:PR

The set of data links connecting the processors invf must then satisfy:
DL OuT IN

To retrieve the set of parameters of a work ow wf, we consider the existence
of the function getParameters(wf), with the following signature.

getParameters: WF | P

where WF denotes the domain of work ows and P the domain of processor
parameters. Speci cally:

[
getParameterqwf) = (inputs(pr) [ outputs(pr))
pr 2 wf:PR

Path A path pt over a work ow wf is a sequence of parametergpl,:::,pn), n
2, Where:

{ 8k2f1:::;n 1g;((pk;pk+ 1) 2 wf:DL) or
(9pr 2 wf:PR; (pk 2 inputs(pr)) and (pk + 1 2 outputs(pr)))

Given a path pt = (pl, :::,pn) over a work ow wf, we call pl the starting
parameter of pt and pn its termination parameter, and we denote them using
starting(pt) and termination(pt), respectively. We also d enote the domain of
possible paths over a work owwf by paths(wf).

Two parameters pl and p2 in a work ow wf are said to be dependent, for
which we write dependent(pl,p2,wf), i there exists a path within wf that relate
them. That is:

9 pt 2 paths(wf); (starting(pt) = pl and termination(pt) = p2) or
(starting (pt) = p2 and termination(pt) = p1)

3 Motivating Examples

In this section, we motivate the provision of a exible presentation mechanism
by presenting examples of user queries that stands to bene from organising
and ltering of work ow results. For this purpose, we use an example Taverna
work ow that has been implemented within the ISPIDER projec t? for perform-
ing value-added protein identi cation (see Figure 1). The work ow is composed

2 http://www.ispider.manchester.ac.uk



of three processors. The processadentifyProtein identi es a match to a protein.

It takes as input peptide masses produced by the digestion od protein together
with an identi cation error, and outputs the uniprot access ion number of the best
hit. The processorGetHomologous performs a blast similarity search and returns
the accessions of the proteins that are homologous to the ishti ed one. For each
homologue, the processoGetGOTerm fetches its associated gene ontology terms.

i o i ¢} i o
o IdentifyProtein O——=0 GetHomologous O——=0 GetGOTerm 0

Legend

() Processor o—— Processor input
—— Datalink ——o Processor output

Fig. 1. Protein identi cation work ow

Associating and Itering work ow results Consider the following query issued
over the results of the protein identi cation work ow.

wql: For the identi ed protein with the accession P17110, return its homologues
and their gene ontology terms.

wgl is an example query that requires the values of the outputs othe three
processors that compose the work ow in Figure 1 to be associad, and the
results obtained to be ltered based on the accession of the notein identi ed.
The results of this query can be displayed in a tabular formatas shown in
Figure 2. To facilitate exploring the results, the user may want the values in one
column to be nested with respect to the values of another colon. In the table
depicted in Figure 2, for example, the values of the columrGO term are nested
with respect to the values of the columnHomologous which, in turn, are nested
with respect to the values of the columnProtein .

Protein Homologous GO term
Q62845 DNA-binding
P17110 P17111 Nucleus

RNA-polymerase
DNA-dependent

Q69726

Fig. 2. The results of wglin a tabular format



Organising work ow results To ease the interpretation of work ow results, the

user may need the parameters in the results to be organised ia way that

does not re ect the order of evaluation of the processors intie work ow. As an

example, consider the querywg2 It returns a table composed of two columns
(see Figure 3). The rst of these corresponds to the output ofthe work ow,

whereas the second one corresponds to the output of the rst pcessor in the
work ow.

wg2: For each gene ontology term return the set of associated preins that were
identi ed.

GO term Protein

Q62845
P17111
P17110

Nucleus

RNA-polymerase

Q69726

Fig. 3. The results of wg2in a tabular format

4  Abstract Syntax of the Language Used for Querying
Work ow Results

We de ne a query wq over a work ow wf by the pair hwf;Ci, where C is an
ordered collection of columns(ci,:::,cn), n 1. A column ¢ is de ned by the
tuple:

hparam; nameC; PT g ; regex; nested

{ param is a parameter in wf, param 2 getParameters(wf).

{ namecC is the identi er of ¢ within wg The default value of this eld is the
name of param.

{ PTuwq paths(wf) is a set of paths. Every path in PT,4 connects the param-
eter of the columnc to the parameter of some other column. Speci cally:

8pt 2 PTwq;9¢ 2 wa,j 6 i;
(c; = starting(pt)) and (c; :param = termination (pt))

{ regexis a regular expression. The values of the column; in the query result
must match regex

{ nestedis a boolean. A true value indicates that the values of thec; column
are to be grouped with respect to the values of the column immeiately to its
left ¢, j<i, such that the parametersc;.param and c; .param are dependent.



In the following we use the boolean functionareResultsGroupedBy(g ,wq), the
signature and body of which are illustrated below, to know wtether there exists
a column ¢, the values of which should be nested with respect to those af .

true if 9i <j; dependentc; :param; c; :param; wg:wf)

areResultsGroupedBY(c; ; wq) = .
pedBy(c; s wa) false otherwise

Also, to retrieve the columns of a given querywg, we consider the existence of
the functions rstColumn(wg) and lastColumn(wg) which retrieve the rst column
and the last column in wg.C, respectively, and the functions prevColumn(c,wq)
and nextColumn(c,wq) which retrieve the column that precedesc in wg.C and the
column that succeedsc in wq.C, respectively.

Query results The result of a query wg is a set of tuples(vi,:::,va).
(va1,:::,vn) is a solution to the querywqi :

{ vi,1 i n, are instances of the parameters;.param, ¢; 2 wq.C, that are con-
nected with the paths specied in c;.paths, 1 i n; and
{ for every vi, 1 i n, if ci.regexis not null then vi matchesc;.regex

5 Graphical User Interface for Query Speci cation

To support users in expressing queries in the language prested in the previous
section, the graphical user interface illustrated in Figure 4 is proposed. To specify
a query wg, the user starts by selecting one or multiple items from the ist of
parameters on the left hand side of the GUI. Selected paramets constitute the
columns of the query,wq.C; the initial order of the columns corresponds to the
order in which the parameters are selected

The user then speci es the querywq using the table on the right hand side of
the GUI. The columns of the table represent the columns ofvg and the order of
the table's columns corresponds to the order of the columnsiiwg.C. The headers
of the table's columns specify the names of the parameters dhe columns in
wg.C and the rows are used to rename, organise and specify retriavconditions
on the query columns. The following describes the usage of ela row.

Naming parameters The name of a given query columnc in wg.C is, by default,
the same as the name of its parameter, i.eg.nameC = c.param.nameP. The row
with the header Name allows users to namec, by editing the corresponding cell
in the table, using a term di erent from the parameter's name. For example, a
user may nd the term Protein more meaningful than IdentifyProtein _.O and use
it instead as the column's name (see Figure 4).

Filtering A column c in wg.C can be associated with a selection condition in the
form of a regular expressiorc.regex speci ed by editing the corresponding cell in
the row with the header Selection.
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Fig. 4. GUI for query speci cation

Nesting Rather than presenting the results of a query as a simple at tble,
the users may want to nest the results in a way that captures the one to many
relationship between the values of parameters. The Row witlthe heading Nested
is used for this purpose. The cells of this row contain check @xes. A checked
box means that the values of the columnc in wq.C are to be nested with respect
to the values of the column on the leftc, j<i such that the parameters ofc;
and ¢; are dependent, i.e.,dependent(g .param,c; .param,wg.wf). If there does not
exist any dependent columng;, this is the case for the rst column of the table
in Figure 4 for instance, then the checkbox is disabled.

Ordering the columns The row with the heading Order allows the user to change
the order of the columns inwg.C. A cell in this row contains two arrows. A
click on the left arrow corresponding to a columnc; in wg.C other than the rst
column, i.e., ¢i 6 rstColumn(wg) , swaps its order with the column on its left,
prevColumn(ci ,wg). A click on the right arrow corresponding to a column ¢; in
wq.C other than the last column, i.e., ¢i 6 lastColumn(wq), swaps its order with
the column on its right, nextColumn(ci,wq).

Note that modifying the order of columns may a ect pre-specied nesting.
If after reordering, a given column is on the left of the colum it is supposed to
be nested with respect to, then the nesting is undone by un-obcking the corre-
sponding box. Also, a nesting checkbox may be enabled or dibked depending on
whether the parameter of the corresponding column dependsroany parameters
of the columns on its left or not.



Paths The parameters of the columnswg.C can be connected by more than
one path in the work ow graph. The row with the heading Paths is used to
remove ambiguity by allowing the user to specify the paths tobe considered
when evaluating the query. A click on the View button displays all possible
paths that link the parameters of other columns to the paramder of the column
in question in the work ow graph. The user selects among thenthe paths to be
considered in the query speci cation. In case there does nogxists any path, the
View button is disabled.

To compute the set of possible paths, we assume the existenoéthe function
getPossiblePaths(), the signature and body of which are speci ed below. Given a
parameter p, a set of parametersg, and a work ow wf, getPossiblePaths(p,q,wf)
returns the set of paths that link parameters in g to p in the work ow wf.

getPossiblePaths P P (P) WF ! P (PT)

getPossiblePathgp; q; wf) =
fpt 2 paths(wf); (starting(pt) = pi) and (termination (pt) = p)g
pi 24

6 SPARQL Query Generation

Information about the enactment of Taverna work ows is stored in the form of
RDF graphs. These are constructed automatically by the workow system during

the enactment of work ows to store, amongst other things, information about the

execution status of the processors that constitute the workow, the data used to

feed their execution and the results they output. An RDF graph is a collection of
triples hsubject; predicate; objecti where subjectis an RDF URI reference or a blank
node; predicate is an RDF URI reference, andobject is an RDF URI reference, a
literal or a blank node. More information about the abstract syntax of RDF can

be found at http://www.w3.0rg/TR/rdf-concepts . Figure 5 illustrates the model of
work ow provenance adopted in Taverna.

To evaluate queries de ned using the language described inestion 4 over
provenance logs, we need to translate the queries into an RDEuery language. In
this document, we choose to use SPARQL, an RDF query languagecommended
by the W3C3. To do this, we outline the de nition of the function generateSPAR-
QLquery(wg,sprqgl), the signature of which is given below, to translate a querywq
into a SPARQL query sprql.

generateSPARQLquery: WQ !  SPRQL

WQ denotes the domain of queries de ned in the language from S&on 4 and

SPRQL the domain of SPARQL queries. SPARQL has four query forms, nanely

Select, Construct, Describe and Ask. For the purpose of this work, we consider the
Select form and de ne a SPARQL query by the pair:

sprgl = hselectClausewhereClausé

% http://iwww.w3.0rg/TR/rdf-spargl-query
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Fig.5. A fragment of the Taverna provenance model (RDF Schema)

The selectClauseis a tuple of Strings that represent the variables in the selet
clause of the SPARQL query. In our case, the names of these vables are the
names of the columns of the querywg. That is:

sprgl.whereClauserepresents the where clause of a SPARQL query and is de-
ned by the pair hcondition ; patternsi. condition is a selection condition that can
be expressed by the following conjunction.
N
filter (¢ :nameC; G :regex)

(ci 2 wq:C) ™ (ci:regex = null )

where lter(c i.nameC,c;.regex) is a SPARQL Boolean function that is true if the
value of a given variable, in our case the name of the variablés the same as the
name of the columnc;, matches the regular expressior;.regex

patterns of the where clause represents SPARQL triple patterns. Triple pat-
terns can be thought of as RDF triples that may contain variable names. They
are constructed from the paths speci ed in the columns of thequery wg. To do
this, we assume the existence of the functiongetPathVariables and getTriplePat-
terns() .

Given a query wqg and a path pt, the function getPathVariables(pt,wq) returns
a pair hv_start;v_endi, where v_start is the name of the variable in the select
clause, sprgl.selectClause that represents the starting parameters of the pathpt
and v_end is the name of the variable in the select clause that represds the
termination parameter of the path pt.

The function getTriplePatterns(( hv _start; v_endi,pt) constructs SPARQL triple
patterns that correspond to the path pt in the work ow wg.wf. It operates as
follows. For every two adjacent parameters in the path pt, getTriplePatterns()
constructs the corresponding triple patterns. The output of the function is the

4 http://Iwww.w3.0rg/TR/rdf-spargl-query/#QSynTriples
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union of the triple patterns obtained in which the variables v_start and v_end
represent the starting parameter and the termination parameter of the path pt.

In the following we informally describe the triple patterns generated for two
successive parametergl and p2 in a path pt over a work ow wf. For this, we
assume thatwf_name is the title of the work ow wf, that pr_name, prl_name and
pr2_name are respectively the names of the processons, prl and pr, and that
pl-name and p2_name are respectively the names of the parametergl and p2.
We distinguish the following four cases.

{ p1is the input of wf and p2 is the input of a processor pr of wf.
?w_run runsWorkflow ?wf.
?wf workflowTitle wf_title.
?w_run workflowlnput ?x.
?x dataHasName pl_name.
?w_run executedProcessRun ?p_run.
?p_run runsProcess ?pr.
?pr hasProperty ?ppt.
?ppt hasKey 'name’.
?ppt hasValue = pr_name.
?p_run processinput ?y.
?y dataHasName p2_name.
?y derivedFrom ?x.
{ p1 and p2 are respectively the input and output of a processor pr of wf
?x dataHasName pl_name.
?y dataHasName p2_name.
?p_run runsProcess ?pr.
?pr hasProperty ?ppt.
?ppt hasKey 'name'.
?ppt hasValue = pr_name.
?p_run processinput ?x.
?p_run processOutput ?y.
?w_run executedProcessRun ?p_run.
?w_run runsWorkflow ?wf.
?wf workflowTitle wf_title.
{ p1 is the output of a processor prl of wf and p2 is the input of a processor
pr2 of wf
?w_run runsWorkflow ?wf.
?wf workflowTitle wf_title.
?w_run executedProcessRun ?pl_run.
?w_run executedProcessRun ?p2_run.
?pl_run runsProcess ?prl.
?prl hasProperty ?pptl.
?pptl hasKey ‘name'.
?pptl hasValue = prl_name.

5 For the sake of readability, we omit namespaces.
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?pl_run processOutput ?X.
?x dataHasName pl_name.
?p2_run runsProcess ?pr2.
?pr2 hasProperty ?ppt2.
?ppt2 hasKey 'name’.
?ppt2 hasValue = pr2_name.
?p2_run processinput ?y.
?y dataHasName p2_name.
?y derivedFrom ?x.

{ p1 is the output of a processor prl of wf and p2 is the output of  wf
?p_run runsProcess ?pr.
?pr hasProperty ?ppt.
?ppt hasKey ‘name'.
?ppt hasValue = pr_name.
?p_run processOutput ?x.
?x dataHasName pl_name.
?w_run runsWorkflow ?wf.
?wf hasTitle workflowTitle wf _title.
?w_run executedProcessRun ?p_run.
?w_run workflowQutput ?y.
?y hasDataName p2_name.
?y derivedFrom ?x.

Example Below is the SPARQL query constructed fromwqg2 using the function
generateSPARQLquery(wqgz2).

SELECT ?GOTerm ?Protein

WHERE {
?w_run runsWorkflow ?wf.
?wf workflowTitle ‘ProteinldentificationWF'.
?w_run executedProcessRun ?pl_run.
?w_run executedProcessRun ?p2_run.
?pl_run runsProcess ?prl.
?prl hasProperty ?pptl.
?pptl hasKey ‘name'.
?pptl hasValue = 'GetHomologous'.
?pl_run processOutput ?X.
?x hasValue ?Protein.
?Protein dataHasName 'o'.
?p2_run runsProcess ?pr2.
?pr2 hasProperty ?ppt2.
?ppt2 hasKey ‘name'.
?ppt2 hasValue = 'GetGOTerm'.
?p2_run processinput ?y.
?p2_run processOutput ?z.
?z hasValue ?GOTerm.
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?y dataHasName 'i".
?y derivedFrom ?x.
?z dataHasName '0'.

7 Result Construction

The results of a SPARQL query of the formselectcan be obtained within an XML
document. For example, Figure 6 provides an excerpt of the XML document
returned as a result of processing the SPARQL query that impéments wql
The root of the result document is spargl which contains two children head and
results. The head element contains a sequence of elements describing the sdt o
query variables. In the example, these variables have the maes of the columns
in wgl.C. The results element is composed of a sequence @kult elements each
of which corresponds to one query solution. Abinding element inside aresult
element has the name of the variable it refers to as an attribte and the value
of the variable as a child.

spargl
l———head
I ‘———variahle-—-@name="protein"
I l———variab1e———@name=”h0mu10guus"
I "———variahle-—-@name="go term"
l———resu'lts

T——-result
"———hinding-—-@name="protein"

|

o

| | ‘—--Tliteral="F17110"

| “——-hinding-—-@name="homologous"
| |

|
|
|
|

| ‘—--Titeral="gs2845"
"——-hinding-—-@name="genea term"

——-Titeral="DMa-binding"

Fig. 6. Example of XML document returned as a result of processing a SPARQL query

The results of processing a given queryq can therefore be displayed in a
tabular format as shown earlier (see Figure 2 and Figure 3) byusing as input
the XML document obtained by processing the corresponding BARQL query.
A row in the tabular view will be constructed using the values of the children of
a result XML element.

Notice, however, that the XML document format adopted by SPARQL does
not take into consideration the nesting speci ed by the user For example, in
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the case of the querywql, the user wants the values of the columnhomologous
to be nested with respect toprotein and those ofgene term to be nested with
respect to homologous To cater for the nesting speci ed by the user, we process
the XML document returned as a result of evaluating a SPARQL query. In
so doing, we construct a hierarchy between thebinding elements of the result
elements that re ects the nesting speci ed by the user. Figue 7 illustrates the
XML document obtained by post-processing the XML result of the SPARQL
query implementing wql that considers the nesting speci ed by the user. Aresult
element is composed of oneinding element. A binding element contains aLiteral
that speci es the value of the variable associated with the linding, and one or
more binding elements. In the example in Figure 7, the binding element wih the
name protein contains two binding sub-elements with the hamehomologouswhich
in turn are composed ofbinding sub-elements which the namegene term. This
hierarchy of bindings allows us to obtain the nesting specied by the user.

To translate a SPARQL XML result document into a nested one, we use the
algorithm in Figure 8. Given a spargl xml document sprgl_xml, it is rst trans-
formed into an XML document that constructs the hierarchy between the binding
elements of theresult elements(line 2). To do this, we assume the existence of
the operation constructHierarchy() . As an example, Figure 9 illustrates the XML
document obtained by applying the operation constructHierarchy() to the XML
result document shown in Figure 6. The document obtained is hen processed
to nest the values as specied by the user query. Speci callyfor each column
c¢i in the query, if there exists a column the values of which shold be nested
with respect to those ofc;, then the sibling binding elements corresponding to the
column ¢; and that have the sameliteral value are grouped. The grouping here
consists in merging the siblingbinding elements with the sameliteral value into
one binding element that contains all their sub-elements. We assume thiathis
processing is implemented by the operatiorgroupBy() in line 10. Notice that the
grouping of elements is performed according to the order ofaumns in wg.C. Re-
garding wq1, for instance, the binding elements corresponding to the rst column
Protein are rst grouped and, thereafter, the binding elements corresponding to
the column Homologous are grouped.

8 Conclusions

In this document, we proposed a presentation mechanism thagllows users to
query work ow results. The implementation of this mechanism requires the de-
velopment of the GUI, the translation of user queries into SFARQL queries, the
evaluation of generated SPARQL queries, and the constructin of query results
in a tabular format. Regarding the evaluation of SPARQL queries, there are sev-
eral freely available JAVA libraries that can be used for this purpose, e.g., ARQ.

5 ARQ is a SPARQL processor for Jena. More information can be found at
http://jena.sourceforge.net/ARQ.
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Fig. 7. Example of XML document that represents the nesting speci e d by the user

Also, the construction of query results can be implemented ging technologies
such as XSLT’, an XML transformation language.
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Algorithm NestResults
input sprq xml 2 XML
wqg 2 WQ output nested _xml 2 XML

begin

1 loop := true

2 hierarchical _xml := constructHierarchy(sprgl _xml)
3 nestedxml := at _xml

4 ¢ = wq.C[0]

5 while (loop) do

6 if (ci = getLastColumn())

7 then loop := false

8 else

9 if (areResultsGroupedBy(ci,wq))

10 then nestedxml := groupBy(nested _xml,c;.nameC)
11 G := nextColumn(c i,wq)

end

Fig. 8. Algorithm for nesting XML results

Fig.9. Example of XML document that constructs a hierarchy between the binding
elements of a SPARQL XML result



