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Abstract

Due to increasing complexity of scientific workflows as
well as a greater number of available services new kinds
of problems arise. In this paper we present an approach to
these problems at multiple levels of both data communica-
tion and process abstraction. We give an overview of for-
malisms: Turing machines, 1/0 Automata, Petri Nets, Con-
straint Automata and 7 Calculus in respect of their suitabil-
ity to the presented approach. On the basis of this overview
we conclude that Constraint Automata best suit this ap-
proach.

1 Introduction

Within e-science research, workflow environments are
are often viewed as a practical tool for building experi-
ments. Right from the inception of these systems, for-
mal foundations for workflows have been constructed [5, 9].
These first formal foundations provided the underpinnings
for data flow based execution models and were based on
for instance Kahn Process Networks [9]. For cases where
more expressiveness was needed, for instance in hierarchi-
cal composition or more advanced control flow, scientific
workflow management systems have turned to Petri Nets,
see for instance [4]. Similarly in the business workflow
community [3] where there has been more emphasis on ex-
pressiveness from the outset, the most commonly used for-
malism is Petri Nets. With the increasing complexity of
workflows and the increasing abundance of available ser-
vices to be used in their construction, new issues have ar-
rived which need a formal basis as well. There are two
very important criteria in scientific experiments, correctness
and reproducibility, the formal foundations of a workflow
environment should thus be able to prove that these crite-
ria are met in an experiment. The ever expanding amount
of web-services means that determining whether a web-
service is suitable and correct for use in an e-Science exper-

iment should be automated as much as possible. Not only
is checking the type and semantics of a services connec-
tions needed, the runtime behaviour also has to be correct
within the workflow its used in. The increasing complexity
of workflows, for instance using multiple execution models
within one experiment [12, 30] also increases the complex-
ity of assuring reproducibility. The question is how much
provenance data needs to be recorded and how this has to
be coordinated between different workflow systems. These
problems involve more than just the expressivity allowed
by the execution model, and call for their own formalised
description. This may involve additional and different for-
malisms than the formalisms now common in workflow re-
search. These problems need to be defined in the formalism
that is best suited to express this problem. In this paper
we investigate existing formalisms both from workflow re-
search as well as formalisms originating from parallel com-
puting and software engineering. It is important to keep
in mind that these formalisms are not workflow languages
they are meant to represent existing workflow systems and
languages at a more abstract level.

2 Problem domains

In e-Science, workflows are not just describing existing
experiment processes, as business workflows describe exist-
ing processes. They are meant to explore new experiment
ideas, scientific workflows are more constrained and need
to be excactly reproducible. The design of these experi-
ment workflows can be top down, bottom up or a combina-
tion of both. In a top down approach one starts with a very
abstract design definition and gradually through refinement
add more details. With a bottom up approach one starts with
the atomic building blocks and gradually create a more ab-
stract design by merging building blocks into compositions.
During this design process abstraction and refinement of
the workflow design play a crucial role. Within workflow
systems such as ICENI [8] or Chimera [7] automated ab-
stract to concrete workflow design is possible. Many work-



flow systems offer hierarchical composition where an entire
workflow can be a workflow component, or sub-workflow,
of another workflow. This concept becomes more interest-
ing when a sub-workflow uses a different model of com-
putation to that of the main workflow. It can be taken one
step further by having a workflow component which is ac-
tually a workflow in a different workflow management sys-
tem. The workflow-bus being developed within our group
is an example of this [30]. Both Triana [15] and shortly
Taverna [19], offer the option of exposing a workflow as a
web-service. This allows a different workflow management
system to use this web-service as a workflow component it
its own workflow. Another problem which can be analysed
using formal methods is that of connectivity. To determine
which workflow components can be connected to form a
valid workflow. This problem has two parts, first both data
type and data semantics must match. Second there is the
runtime aspect, are two components compatible at the con-
nection level when they are executing? This second part
comes to the foreground when dealing with multiple mod-
els of computation within one workflow. Whether runtime
behaviour which is allowed under one model of computa-
tion is acceptable to a component operating under another
model of computation, needs verification. This is also im-
portant in the reuse of workflow components. To test if a
workflow that has been used for one experiment with certain
data can be reused in another experiment which tries to find
answers to a different problem. Finally, within science and
therefore within e-science reproducibility of an experiment
is very important. To ensure an experiment is reproducible
provenance data is recorded during the execution of an ex-
periment. When dealing with an experiment using multiple
workflow management systems, the question is what prove-
nance data needs to be shared between systems to maintain
reproducibility.

3 Modelling workflow problems requiring
abstraction

The problem to which formal methods are applied most
often in workflow research is that of expressivity. To de-
termine what control flow constructs are needed to define
all desired workflows as well as which execution model and
workflow language enables these control flow constructs.
The problems defined in the previous section do not just
deal with expressivity they deal with well formedness of
the workflow. In this section we will describe a workflow
design process at multiple levels of abstraction and show
how this can help the problems mentioned in the previous
section. In previous work [23] we defined a lattice for work-
flow component design , as illustrated by Figurel. This lat-
tice deals with the amount of abstraction present in both the
representation of process as well as communication. The
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lattice is set up by the four most extreme cases:
o MPMD Multiple Process Multiple Data
e MPSD Multiple Process Single Data
e SPMD Single Process Multiple Data
e SPSD Single Process Single Data

Where Single process and Single data are the most abstract
representations of process and data, while multiple process
and multiple data are the most concrete or atomic represen-
tations. By either abstracting or refining data or process one
can reach any point in this lattice and thereby any possible
representation of the same computationally equivalent pro-
cess. If Figure 2 is a MPMD representation with atomic
processes and data connections, Figure 3 is its MPSD rep-
resentation where all communication has been abstracted to
one component. In Figure 4 the SPMD is shown, with all
processes abstracted to one component. Finally Figure 5
shows the representation where both data communication
and process are at maximum abstraction.
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3.1 experiment representation

Now we will now more precisely define how workflows
should be represented at different abstraction levels.
Problem definition:This is the most abstract representation
of a workflow, it consists of a definition of desired input, as
well as the desired output. These can either be defined in
terms of data or processes. In e-science context it can also
be the research question associated with an experiment.
Atomic workflow component: Represents a computa-
tional process for which there is a direct mapping to an ac-
tual implementation. This can be a deterministic process
like adding two variables, or it can be a non deterministic
process, a user entering a value based on the input he sees.
In practise this usually is a web service, but it can also be
an action performed by a human.

Execution model: The workflow component is modelled in
the context of a workflow system by explicitly representing
control flow. This can be done by modelling all data con-
nectors allowed by an execution model. Workflow compo-
nents should not contain anything specific to one workflow
execution model.

Compositionality: is a property which can hold for work-
flow components, data connectors and a combination of
both. Two or more atomic workflow components can be
composed together to form a single composite workflow
component. This composite component can hide its inter-
nal actions presenting itself to the outside only in terms of
its inputs and outputs. Through compositionality compli-
cated controlflow patterns such as a synchronising merge
can be represented as one composite data connector. An
entire workflow can also be represented as one composite
workflow component.

Workflow composition:Workflow composition is achieved
by connecting output and input of the workflow components
through data connectors. These data connectors can be
atomic communication channels, composite channels repre-
senting control flow patterns such as split or merge or in its
most abstract form all interaction of a workflow can be one

composite object with links to all workflow components.
3.2 Workfbw Design

Workflow design can be bottom up, top down, auto-
matic or done by hand. The design space for workflow
design consists of all possible workflow components. To
efficiently find a grounded design which satisfies the prob-
lem definition, the design space needs to be constrained.
By grounded design is meant, a design which when rep-
resented in its most atomic MPMD form only consists of
existing implemented workflow components. In bottom up
design the problem definition constrains the atomic work-
flow components which can be used in the first and last step
of the workflow due to the fact that the inputs of the first step
and outputs of the last step must match those of the prob-
lem definition. The outputs of the first step and inputs of
the last then form the constraints for the steps which can be
used in between. To formally verify whether this workflow
satisfies the problem definition and behaves correctly, all
atomic workflow components and their connectors have to
be taken into account. This is to be expected when no part of
this workflow has been constructed before, however when
there is the possibility of reusing previous designs formally
verifying the reused parts which were already verified previ-
ously is inefficient. The workflow design lattice introduced
earlier in this section offers a solution. By using the prop-
erty of compositionality previously created workflows and
connectors can be abstracted to single components. Com-
positionality can be used as the mechanism to abstract both
data and process in the workflow design lattice. If these ab-
stracted components have been formally verified, their in-
ternal actions will not have to be verified again when they
are reused in a new design. They have been shown to satisfy
their problem definition, thus this can be used for defining
the composite component leaving out all the details of what
happens internally.

Multiple execution models: When creating a repre-
sentation of a workflow with multiple models of execu-
tion(illustrated in Figure 6) one can first create the workflow
using execution model A and leave the sub problem which
can only be solved under execution model B as a problem
definition. As an example, let A be a data-flow based sys-
tem and B a less constraint control flow system which al-
lows a user to steer execution. By allowing this, system B
possibly violates the determinacy constraint of system A.
Thus when in system A a sub workflow is performed by
system B and in this sub workflow the user can steer exe-
cution in such a way that for the same input different out-
put actions are possible the constraints of the workflow in
A (WFA) are violated. Then the composition of WFA and
WEFB is not valid. This is clearly an undesirable situation,
for which the simple solution is not using system B within
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Figure 6. checking whether sub workflow with
different execution model implements sub
problem description

A. In practise however it can often be the case that while
the execution model B allows the user to steer execution in
a non-determinate manner, the actual sub workflow under B
does not violate determinacy. It can therefore be useful to
test for this case.

3.3 Requirementsfor Formalism

The formalism in which the approach to workflow prob-
lems outlined in this section will be performed needs to have
certain properties. First of all it needs to be able to abstract
both details of process and communication through compo-
sition. It also needs to be expressive enough to express all
possible workflow patterns, but also all possible processes
which can be workflow components. Practical tools such as
simulators, model checkers and theorem provers have to be
available for such a formalism. Preferably these tools are
already tailored towards workflows.

4 Formalisms

In this section we will introduce the formalisms and give
a comparison of their features, in the discussion we will
address the suitability of the formalisms to the problems in-
troduced in the previous section.
Petri Nets are based on the work in the Phd thesis of Carl
Adam Petri in 1962 [21]. His thesis deals with the asyn-
chronous communication between components of a com-
puter system. In its basic form Petri Nets are a graph based
formalism, consisting of places transitions input and output
functions. This is the starting point for numerous extensions
which give Petri Nets additional properties such as Turing
completeness [20], explicit data through “coloured” Petri
Nets [20], as well as hierarchy [11,28]. Petri Nets have been

used frequently as a formalism in workflow research [3].
1/0 Automata were first introduced by Lynch and Tuttle in
1989 [14] and have been used for the study of concurrent
computing problems. They form a labelled state transition
system consisting of a set of states, a set of actions divided
into input- internal- and output actions and a set of transi-
tions which consists of triples of state, action and state. In
previous work we have argued that 1/0O Automata are suit-
able as a workflow formalism [24].

Turing Machines were introduced by Alan Turing in 1936
[25]. They consist of a tape for storing data, a head for read-
ing and writing, a table of instructions and a (finite) state
register which stores the state of the table. Turing machines
is a very general formalism which we have used in previous
work to reason about workflows [23].

Constraint Automata were introduced in 2003 by Arbab,
Sirjani, Rutten and Baier [6], as a means of providing
formal semantics and analysis of component connectors.
Component connectors are a means of connecting soft-
ware components, this work is very similar to workflow de-
sign.Constraint Automata are similar to 1/0 Automata but
with some important differences, for instance Constraint
Automata are not input enabled and do not follow a strictly
time synchronous approach, these differences will be dis-
cussed in more detail later.

m Calculus was introduced by Robert Milner in 1989 [17].
It belongs to the family of process calculi, just as A Calculus
and CCS. The specific task it tries to address is describing
concurrent processes whose configuration can change dur-
ing computation. It has been used for describing business
workflows [22], there has been some discussion about its
suitability particularly versus Petri Nets [26].

41 Overview

Turing equivalent

A formalism is Turing equivalent when it is able to repre-
sent all possible computational processes, Turing machines
and A Calculus are the classic examples. We were unable
to find proof whether I/O Automata are Turing equivalent
although this does seem likely given the amount of freedom
allowed in defining actions and transitions. Petri Nets are
only Turing equivalent when they are expanded to include
a zero test arc [20].

graphical representation

For purposes of dissemination it is nice to have a standard
graphical representation. Petri Nets have a graphical
representations which are commonly used and are well
suited to representing workflows. For Turing machines a
standard representation does exist that visualises the tape
and write head. This is not very well suited as a workflow
representation. 1/0 Automata have no agreed upon visual
representation, For both = Calculus and Constraint Au-



l || Turing Machine | 1/0 Automata | Petri Nets | Constraint Automata | = Calculus ||
Turing equivalent yes unknown only with zero test | yes yes
graphical representation not suited to WF | no yes yes yes
data explicit implicit implicit explicit explicit
process explicit explicit explicit explicit explicit
orientation process process process data interaction process
non determinism in special case supported supported supported supported
implicit multiple instances || not possible not possible possible not possible not possible
compositional supported supported supported supported supported
simulator available available wf specific wf specific available
model checker available available wf specific wf specific available
theorem prover yes yes no no yes
workflow patterns not yet shown not yet shown | many shown many shown many shown

Table 1. Features of formal workflow models compared

tomata visual representations suitable for workflows are
available

data

In Turing machines data is written explicitly to the tape,
in both I/0O Automata and Petri Nets data is implicit in the
state.Unless for Petri Nets an extension such as coloured
Petri Nets [20] are used which explicitly model data. In
Constraint automata data is explicitly driving the execution
through the use of Timed Data Streams. Within 7 Calculus
data is transferred explicitly over named channels

process

Processes are modelled explicitly in Turing machines
through explicit instructions for reading an writing. In
both Petri Nets and 1/0O Automata processes are modelled
by explicit transitions, while in 7= Calculus and Constraint
Automata processes are modelled implicitly through the
data they communicate.

non determinism

Turing machines are deterministic by definition and can
therefore not directly represent non-deterministic processes,
a Turing machine can always simulate a non-deterministic
process. A Turing equivalent variation, that can represent
non-deterministic processes, called non-deterministic
Turing machines exists. All other formalisms can directly
model non-determinism

implicit multiple instances

The execution of a Petri net comprises multiple instances
of the same Petri net, this can occur implicitly through the
structure of the Petri net, while in other formalisms this has
to be specified explicitly

compositional

Compositionality is a property where in compositions of
elements one element can be used to represent another
underlying composition consisting of multiple elements.
Turing machines support this, as a set of Turing machines
can always be simulated on a single Turing machine. Many

different ways of performing hierarchical compositions
exist as extensions to Petri Nets (for instance [11, 28]).
Compositionality is supported by I/0O Automata with some
restrictions on which elements can be composed together,
this in order to avoid ambiguity during execution. Con-
straint Automata are fully compositional there are no limits
on the composition of either processes or communication.
In 7 Calculus processes are compositional, however there
is no way to explicitly provide composition for interaction
between processes.

refinement

For I/0 Automata it is always possible to more precisely
define the actions, states and transition relation of a partic-
ular automaton without changing the basic topology of a
composition. In Petri Nets it is possible to refine data types
by using coloured Petri Nets, an extension of Petri Nets.
Refining places and transitions in Petri Nets can be done
with another extension [11, 28].

simulator

Using a simulator and a formal description of a workflow
one can check for reachability, whether a certain state in a
workflow component can be reached, safety, there are no
undesirable terminations possible, deadlock, test whether
the workflow is free of potential deadlock situations,
bottlenecks do certain transitions take a lot of time. The
simulator for I/0O Automata [1] can perform all tests except
the last one as it has not got an explicit notion of time.
Constraint Automata are a formal model for connectors in
an environment called Reo [2,6]. This environment can
potentially be used for simulation but also as an actual
workflow engine. For 7 Calculus there are several simula-
tors developed for Bio Chemical processes * they are not
suited to workflow modelling. A company called Intalio
is developing Business process workflow tools based on =
Calculus, which will include a simulator at some point in

hitp://www.wisdom.weizmann.ac.il/ biopsi/psi.htm



the future. Many different simulators exist both for Petri
Nets and Turing machines, including ones for timed Petri
Nets which can deal with bottlenecks.

model checker

Model checking tools are available for I/0O Automata [1],
Petri Nets [27], Constraint Automata [10], and 7 Calcu-
lus [29]. The model checker for I/O Automata does so in a
compositional way, where as the Petri net model checker
dos not do this as of yet [27].

theorem prover

Theorem provers are currently available for 1/0 Au-
tomata [18]. Several theorem provers for Pi Calculus
also exist, such as [16], they are however still work in
progress. Work on a theorem prover for use with Petri Nets
specifically aimed at business workflows is in progress?
workflow patterns

Workflow patterns which demonstrate the ability of
a formalism to succinctly express existing patterns in
(business)workflows have been demonstrated in great
detail at http://www.workflowpatterns.com for Petri
Nets. At http://www.pi-workflow.org/ most of these
patterns have been reproduced using w Calculus. At
http://homepages.cwi.nl/ proenca/webreo/ most patterns
are shown for Constraint Automata. Constraint Automata
can more easily express some of the more complicated
patterns due to the fact that they can represent asynchronous
and synchronous interaction simultaneously. For other
formalisms these patterns have not yet been shown.

5 Discussion

In this paper we have defined workflow problems which
are in need of formal analysis and given an overview of for-
malisms that can provide this analysis. The question now
is which formalism is best suited to these problems. Let
us first consider Turing machines, from the overview it is
clear that they are expressive enough in theory, they are not
a practical solution for modelling real workflows. There are
no tools for written for modelling workflows as Turing ma-
chines, composition of process nor data is practical when
modelling real problems. It is theoretically always possi-
ble to merge tapes or simulate multiple Turing machines on
one machine, this is not a practical solution when Turing
machines accurately model real data or processes. Turing
machines have there place in purely theoretical proofs, but
not in design approach which results in real workflows. In
the overview of formalisms Constraint Automata are ori-
ented to describing interaction between processes, while the
other formalisms are oriented towards describing the pro-
cess. The consequence of this is that the problem definition,

2http://wwwis.win.tue.nl/ movebp/description.html

the most abstract representation of a workflow, is defined
most easily in terms of data interaction for Constraint Au-
tomata. For the other formalisms a process description is
easier.

We have argued that compositionality can be a very use-
ful property when analysing workflow problems. All for-
malisms support composition in some form, in Petri Nets
it as an extension for which multiple solutions exist, in 1/0
Automata and Constraint Automata it was included from
the outset. The advantage of this is that many of the tools
associated with these formalisms also work in a composi-
tional way while for Petri Nets this is not always the case.
A Petri net model checker [27] aimed at workflow analysis,
for instance does not yet work in a compositional way.

Defining data connectors in a compositional way using
a process oriented formalism is more difficult, as data con-
nections need to be defined in terms of processes. This is es-
pecially true when data is already explicit which is the case
for 7 Calculus. In Petri Nets a composition of only places,
or only processes is not possible. In 1/0 Automata it is pos-
sible to abstract data connectors and processes separately if
one defines all data connectors in terms of processes. Even
then there are still some limitations on the compositional-
ity of I/0O Automata, not all automata are allowed in the
same composition to avoid ambiguity during execution. In
practise for this could be avoided by being careful with the
naming of the actions inside I/O Automata.

For Petri Nets, = Calculus and Constraint Automata
the expressiveness has been shown through workflow pat-
terns, for business workflow management systems there are
overviews of which system supports what patterns. Thisis a
very significant help when defining the model of computa-
tion for a certain workflow. A similar analysis for scientific
workflow management systems should be done. These will
probably yield a less diverse set of patterns as most are data
flow based. For the other formalisms accurately describ-
ing the model of computation will be more work. There is
some past work which can be of help though. In [13] it is
shown how the Kahn principle can be modelled using 1/0
Automata. The main constraints are that the automata have
to be deterministic and all connections are one to one. Kahn
process networks are similar to many of the data flow mod-
els of computation used in scientific workflow management
systems.

As mentioned in section 3.3 it is preferable that any tools
associated with a formalism exist in a form suitable to work-
flows. This is most certainly the case for Petri Nets which
have long been used for reasoning about workflows. Reo,
the tool associated with Constraint Automata is developed
for distributed systems composed of heterogeneous mobile
black-box components. While these systems encompass
more than just workflows, they do fit well within that de-
scription. Tools for Constraint Automata are thus very well



suited to workflows. The tools for I/O Automata are more
general still and lack specific workflow features. Workflow
specific tools for 7 Calculus are still largely under develop-
ment.

6 Conclusions & future work

We presented an approach to workflow design at multi-
ple levels of data and process abstraction. It is desirable to
formally reason about workflows in this way and prove the
correctness of complicated workflows. For instance those
workflows involving multiple workflow engines and execu-
tion models. We can determine which workflow systems
can safely be used to provide sub workflows for other work-
flow systems. In case this is not safe in general we can de-
termine of a specific sub workflow can still be used safely.
An overview was given of formalisms which can be used
for workflow design. From this overview it becomes clear
that Constraint Automata seem most suited to our approach
at this time, they have the best support for compositionality,
they are the most expressive and have tools available suit-
able for use with workflows. # Calculus has its place for
different design approaches where there is less emphasis on
compositionality of data interaction. 1/0 Automata offer al-
most the same support composition, but are less suited to
expressing data interaction. Furthermore they need a lot of
work both in proving expressive capability as well as de-
velopment of workflow specific tools. Petri Nets are well
established as a workflow formalism, but they were not in-
tended to be used compositionally from the outset, which
shows in diminished compositional ability both in the for-
malism itself and associated workflow tools. As future work
we intend to use the design method outlined in this paper in
combination with Constraint Automata to create an auto-
matic workflow composition tool. We also intend to apply
this approach to the workflow bus [30] that is being devel-
oped at our research group.
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