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Chapter 4

Workflow formalisms

4.1 Introduction

Within e-science research, workflow environments are often viewed as a prac-
tical tool for building experiments. Right from the inception of these sys-
tems, formal foundations for workflows have been constructed [31, 79]. One
of these first formal foundations provided the underpinnings for data flow
based execution models and were based on Kahn Process Networks[79]. For
cases where more expressiveness was needed, for instance in hierarchical
composition or more advanced control flow, scientific workflow management
systems have turned to Petri Nets[105], see e.g. [29]. Similarly in the busi-
ness workflow community[24] where there has been more emphasis on ex-
pressiveness from the outset, the most commonly used formalism is Petri
Nets.

With the increasing complexity of workflows and the increasing abun-
dance of available services to be used in their construction, new issues have
arrived which need a formal basis as well. As already introduced in chapter
2, there are two very important criteria in scientific experiments, correct-
ness and reproducibility. The formal foundations of a workflow environ-
ment should thus be able to prove that these criteria are met in an experi-
ment. 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 service’s connections needed, the runtime behav-
ior also has to be correct within the workflow where it is employed. The
increasing complexity of workflows, for instance using multiple execution
models within one experiment [93, 135] also increases the complexity of as-
suring reproducibility. Questions that need to be answered include: how
much provenance data needs to be recorded and how can the interaction
between different workflow systems be coordinated? In order to facilitate
such interactions a formal description of the workings of workflow systems
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42 CHAPTER 4. WORKFLOW FORMALISMS

such as offered by Kepler[47] and Taverna[102] is helpful. The new prob-
lems mentioned above involve more than just the expressivity allowed by the
execution model, and call for their own formalized description. This may in-
volve additional and different formalisms than the formalisms now common
in workflow research. Reasons for choosing a formalism for these problems
are not just the ability to express these problems, but also the availability
of tools to support reasoning about these problems in their desired formal
representation. In this chapter we investigate existing formalisms both from
workflow research as well as formalisms originating from parallel computing
and software engineering. This chapter is based on a previous publication
by the author of this thesis[122].

4.2 Problem domains

In e-Science, workflows are not just describing existing experiment processes,
as business workflows describe existing business processes. They are meant
to explore new experiment ideas. The design of these experiment work-
flows can be top down, bottom up or a combination of both. In a top
down approach one starts with a very abstract design definition and grad-
ually through refinement adds more details. With a bottom up approach
one starts with the atomic building blocks and gradually creates a more
abstract 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[72] or Chimera[66]
automated abstract to concrete workflow design is possible. Many workflow
systems offer hierarchical composition where an entire workflow can be a
workflow component, or sub-workflow, of another workflow. This concept
becomes more interesting when a sub-workflow uses a different model of
computation compared to that of the main workflow. It can be taken one
step further by having a workflow component which is actually a workflow
in a different workflow management system. The workflow-bus that is also
being developed within the VL-e project, is an example of this[135]. Both
Triana[96] and shortly Taverna[104], 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 in its own workflow. Another
problem which can be analyzed using formal methods is that of connec-
tivity. The goal here is 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. Secondly there is the runtime
aspect: are two components compatible at the connection level when they
are executing? This second part comes to the foreground when dealing with
multiple models of computation within one workflow. It needs to be verified
whether runtime behavior which is allowed under one model of computation
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is acceptable to a component operating under another model of computa-
tion. This is also important in the reuse of workflow components. The
issue in this case is to test if a workflow, that has been used for one exper-
iment with certain data, can be reused in another experiment which tries
to find answers to a different problem with different data. Finally, within
science and therefore within e-science reproducibility of an experiment is
very important. To ensure the reproducibility of an experiment, provenance
data is recorded during the execution of an experiment. When dealing with
an experiment using multiple workflow management systems, the question
is what provenance data needs to be shared between systems to maintain
reproducibility.

4.3 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 for-
malisms to the problems introduced in the previous section.
Petri Nets are based on the work described in the Phd thesis of Carl Adam
Petri in 1962[106]. His thesis deals with the asynchronous communication
between components of a computer system. In its basic form Petri Nets are
a graph based formalism, consisting of places, transitions as well as input
and output functions. This is the starting point for numerous extensions
which give Petri Nets additional properties such as Turing completeness
through the addition of a zero test arc[105], explicit data through “colored”
Petri Nets[105], as well as hierarchy[90, 129, 30]. Petri Nets have been used
frequently as a formalism in workflow research[24, 76].
I/O Automata were first introduced by Lynch and Tuttle [95], and have
been used for the study of concurrent computing problems. They form a
labeled state transition system consisting of a set of states, a set of actions
divided into input- internal- and output actions (as illustrated in figure 4.1)
and a set of transitions which consists of triples of state, action and state.
This allows us to study the inherently concurrent nature of workflow sys-
tems. One of the characterizing properties of I/O Automata is that input
actions are ”input enabled”, they have to accept and act upon any input.
Figure 4.2 illustrates both that the ”input enabled” property defines connec-
tions between automata as well as one I/O automaton being computationally
equivalent to a composition of several automata. In previous work we have
argued that I/O Automata are suitable as a workflow formalism [120].
Turing Machines were introduced by Alan Turing in 1936 [124]. They

consist of a tape for storing data, a head for reading and writing, a table of
instructions and a (finite) state register which stores the state of the table.
Turing machines are a very general formalism which was used previously
[121] to reason about the workflow design space.
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Figure 4.1: Visual representation of an I/O Automaton

Figure 4.2: Illustration of compositionality principle using I/O Automata
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Constraint Automata were introduced in 2003 by Arbab, Sirjani, Rut-
ten and Baier[39], as a means of providing formal semantics and analysis of
component connectors. Component connectors are a means of connecting
software components. This work is very similar to workflow design. Con-
straint Automata are similar to I/O 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 shown in more detail in the upcoming comparison.
π Calculus was introduced by Robert Milner in 1989[101]. It belongs to the
family of process calculi, just as λ Calculus[85] and CCS[100] (also created
by Milner). The specific task it tries to address is the description of con-
current processes whose configuration can change during computation. It
has been used for describing business workflows [114]. There has been some
discussion about its suitability particularly in comparison to Petri Nets[126].

4.3.1 Overview

Turing completeness
A formalism is Turing complete when it is able to represent all possible
computational processes: Turing machines and λ Calculus are the classic
examples. As there was no reference in literature for the Turing complete-
ness of I/O Automata we constructed our own, it is detailed in appendix
B. Petri Nets are only Turing equivalent when they are extended to include
a zero test arc [105]. π Calculus is Turing complete as long as recursion is
allowed [57]
Graphical representation
For purposes of dissemination it is nice to have a standard graphical rep-
resentation. Petri Nets have graphical representations which are commonly
used and are well suited to representing workflows. For Turing machines
standard representations do exist visualizing the tape and write head, how-
ever this is not very well suited as a workflow representation. I/O Automata
have no generally used visual representation, For both π Calculus and Con-
straint Automata visual representations suitable for workflows are available
Data
Whereas in Turing machines data is written explicitly to the tape, in both
I/O Automata and Petri Nets data is implicit in the state. Unless for Petri
Nets an extension is used, such as colored Petri Nets[105], which explicitly
model data. In Constraint automata data is explicitly driving the execution
through the use of Timed Data Streams. Within π Calculus data is trans-
ferred explicitly over named channels.
Process
Processes are modeled explicitly in Turing machines through explicit in-
structions for reading an writing. In both Petri Nets and I/O Automata
processes are modeled by explicit transitions, while in π Calculus and Con-
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Turing Machine I/O Automata Petri Nets Constraint Au-
tomata

π Calculus

Turing
completeness

yes yes 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 4.1: Features of formal workflow models compared
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straint Automata processes are modeled implicitly through the data they
communicate.
Non-determinism
Turing machines are deterministic by definition and can therefore not di-
rectly represent non-deterministic processes. A Turing machine can al-
ways simulate a non-deterministic process. A Turing equivalent variation
exists, called non-deterministic Turing machines, that can represent non-
deterministic processes. All other formalisms can directly model
non-determinism
Implicit multiple instances
The execution of a petri net can exist of 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 which can hold for workflow 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. The behavior of this composite component is exactly that of its
parts. By composing the parts together no new behavior emerges. Through
composition internal actions are hidden from direct observation. The com-
posite component presents itself to the outside only in terms of its inputs and
outputs. Through compositionality complicated controlflow patterns can be
represented as one composite data connector. An entire workflow can also
be represented as one composite workflow component. This definition was
already introduced in chapter 2. In the same chapter it was also shown how
Turing machines support this. Many different ways of performing hierarchi-
cal compositions exist as extensions to Petri Nets (for instance [90, 129]).
Compositionality is supported by I/O Automata with some restrictions on
which elements can be composed together, this in order to avoid ambiguity
during execution. Constraint Automata are fully compositional. There are
no limits on the composition of either processes or communication. In π

Calculus processes are compositional, however there is no way to explicitly
provide composition for interaction between processes.
Refinement
For I/O Automata it is always possible to more precisely define the actions,
states and transitions of a particular automaton without changing the basic
topology of a composition. In Petri Nets it is possible to refine data types
by using colored Petri Nets, an extension of Petri Nets. Refining places and
transitions in Petri Nets can be done with another extension[129, 90].
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.
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• Safety: there are no undesirable terminations possible.

• Deadlock: test whether the workflow is free of potential deadlock sit-
uations.

• Bottlenecks: do certain transitions take a lot of time.

The simulator for I/O Automata[16] 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[39, 19].
This environment can potentially be used not only for simulation but also
as an actual workflow engine. For π Calculus there are several simulators
developed for Biochemical processes 1 but they are not suited to workflow
modelling. A company called Intalio is developing Business process workflow
tools based on π Calculus, which will include a simulator at some point in
the future. Many different simulators exist both for Petri Nets and Turing
machines, including ones for timed Petri Nets that can deal with bottlenecks.
Model checker
Model checking tools are available for I/O Automata[16], Petri Nets[127],
Constraint Automata[86], and π Calculus[131]. The model checker for I/O
Automata does so in a compositional way, where as the Petri net model
checker does not do this as of yet[127].
Theorem prover
Theorem provers are currently available for I/O Automata[103]. Several
theorem provers for Pi Calculus also exist, such as [97]. They are however
still work in progress. Work is in progress2 on a theorem prover for use with
Petri Nets specifically aimed at business workflows.
Workflow patterns
Workflow patterns that demonstrate the ability of a formalism to succinctly
express existing patterns in (business)workflows have been demonstrated in
great detail for:

• Petri Nets: demonstrated in great detail at the workflow patterns
webpage3

• π-calculus: with slightly fewer patterns on the pi workflow homepage4

• Constraint Automata: some patterns available in the related Reo for-
mat5

Constraint Automata can more easily express some of the more complicated
patterns due to the fact that they can represent asynchronous and syn-
chronous interaction simultaneously. For other formalisms these patterns

1http://www.wisdom.weizmann.ac.il/ biopsi/psi.htm
2http://wwwis.win.tue.nl/ movebp/description.html
3http://www.workflowpatterns.com
4http://www.pi-workflow.org/
5http://homepages.cwi.nl/ proenca/webreo/
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have not yet been shown.

4.4 Discussion

In this chapter we have given an overview of formalisms that can provide
the formal analysis for workflow design issues given in the previous chapter.
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 yet they are not a practical solution for mod-
eling real workflows. There are no tools written for modeling workflows as
Turing machines. The composition of process nor that of data is practical
when modeling real problems. It is theoretically always possible to merge
tapes or simulate multiple Turing machines on one machine, however this is
not a practical solution when Turing machines accurately model real data
or processes. Turing machines have their place in purely theoretical proofs,
but not in a design approach that results in real workflows. In the overview
of formalisms Constraint Automata are oriented to describing interaction
between processes, while the other formalisms are oriented towards describ-
ing the process. The consequence of this is that the problem definition, the
most abstract representation of a workflow, is defined most easily in terms
of data interaction for Constraint Automata. For the other formalisms a
process description is easier.

We have argued that compositionality can be a very useful property
when analyzing workflow problems. All formalisms support composition in
some form: in Petri Nets it is an extension for which multiple solutions
exist, in I/O 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 compositional way while for Petri Nets this is not
always the case. A Petri Net model checker[127] 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 connections need to be defined in terms
of processes. This is especially true when data is already explicit which
is the case for π Calculus. In Petri Nets a composition of only places, or
only processes is not possible. In I/O Automata it is possible 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
compositionality of I/O Automata: not all automata are allowed in the
same composition to avoid ambiguity during execution. In practice this
could be avoided by being careful with the naming of the actions inside I/O
Automata.

For Petri Nets, π Calculus and Constraint Automata the expressiveness
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has been shown through workflow patterns. For business workflow manage-
ment systems there are overviews of which system supports what patterns.
This is a very significant help when defining the model of computation for a
certain workflow. A similar analysis for scientific workflow management sys-
tems should be done. This will probably yield a less diverse set of patterns
as most are data flow based. For the other formalisms accurately describing
the model of computation will be more complicated work. There is some
past work which can be of help. In [94] it is shown how the Kahn principle
can be modeled using I/O 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 models of computation
used in scientific workflow management systems.

It is preferable that any tools associated with a formalism exist in a form
suitable to workflows. 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 encom-
pass more than just workflows, they do fit well within that description. 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 π Calculus are still largely under development.

4.5 Conclusions & future work

We presented an approach to workflow design at multiple 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 execution models.
We can determine which workflow systems can safely be used to provide sub
workflows for other workflow systems. In case this is not safe in general we
can determine whether 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 appear to
be most suited to our approach at this time, they have the best support
for compositionality: they are the most expressive and have tools available
suitable for use with workflows. π Calculus has its place for different design
approaches where there is less emphasis on compositionality of data inter-
action. I/O Automata offer almost 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 in the development of
workflow specific tools. Petri Nets are well established as a workflow for-
malism, but they were not intended to be used in a compositional manner
from the outset, this shows in diminished compositional ability both in the
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formalism itself and associated workflow tools.




