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a b s t r a c t
Workﬂow design has become a critical function in enterprise information management. However, only scant research attention has been paid to formal workﬂow design methodologies. As a result, existing design methods in
business process management remain a manual and experiential effort and result in inefﬁciency in design tasks
and potential errors in workﬂow models. Considering that there are hundreds and thousands of business processes in organizations worldwide, overcoming this deﬁciency will have an enormous technical and economic
impact on enterprise information management. In this paper, we investigate the possibility of incorporating formal analytics into workﬂow design, thus alleviating the intellectual challenge faced by business analysts when
creating workﬂow models. The workﬂow design analytics we propose helps construct a workﬂow model
based on information about the relevant activities and their associated data. In addition, our workﬂow design approach also helps determine whether the given information is sufﬁcient for generating a workﬂow model and
ensures the avoidance of certain workﬂow anomalies. The signiﬁcance of our study is to enable the transformation of workﬂow design from a manual and experiential effort into a more systematic and rigorous approach.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Over the last decade during the drive towards e-business, many organizations have realized the importance of Internet-based business process automation as they face the challenge of obtaining competitiveness
in the global marketplace. To achieve high levels of business process efﬁciency, many organizations resort to workﬂow management systems to
integrate business activities that span multiple functional units, such as
human resources, marketing, and manufacturing [31,33]. As a prerequisite for effective workﬂow management, a workﬂow model is required
to specify the execution sequence of activities needed to support certain
business functions, such as producing a product or offering a service.
Thus, it is critical to design correct workﬂow models efﬁciently according
to speciﬁc business requirements.
The existing workﬂow design approaches, such as the participative
approach widely used in practice, mainly focus on collecting business requirements rather than providing a rigorous procedure for generating
workﬂow models. The lack of formal design approaches often causes design problems. Recent empirical studies have shown an error rate of
10%–20% from over 2000 process models used in different industry practice, which include the widely used SAP reference model, the models
used in a process reengineering project in the service sector in Germany,
the models documented in the ﬁnancial industry in Austria, the models
used by consulting ﬁrms, and the models from IBM projects [20–22].
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With the empirical evidence of the design problems, the importance of
formal design methods starts to be recognized.
The process of designing workﬂow models can be partitioned into
three stages. The ﬁrst stage is business analysis consisting of design activities to understand business objectives, system environment, domain
knowledge, and process management rules [37,38]. The second stage is
process analysis that deals with the issues of activity identiﬁcation and
dataﬂow speciﬁcation [14,32]. Activities can be identiﬁed by workers
and managers in various business units since they generally know
what they do on the daily basis. Input and output data for each task,
i.e. dataﬂow, can be identiﬁed from documents, forms, and databases
used in the business process [15,27,35].
The third stage, namely model construction to derive the correct activity sequencing, is an intellectually challenging step. First, no clear guidelines exist to help determine whether a given set of activities and related
data are sufﬁcient for designing a workﬂow. Moreover, due to the human
cognitive limit, great effort is required to ﬁgure out all interrelations of
different steps in a complex process with no guarantee for the resulting
model to be error-free [21,22]. These challenges are compounded by
the fact that a workﬂow can involve multiple business units and different
organizations located in different geographic locations.
The common wisdom for dealing with potential errors in the stage of
model construction has been to conﬁrm the workﬂow models through
simulation and veriﬁcation before deploying them in practice [2,7,17].
However, it is a fundamental principle in software engineering that design errors should be prevented as early as possible [21,23]. The later
the errors are identiﬁed, the more cost and effort are needed to ﬁx the errors. This principle also holds for designing and automating business processes [5]. Consequently, we believe that once a set of activities and their
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input and output data have been identiﬁed in the stage of process analysis,
it is possible to derive a workﬂow model through analyzing the data dependencies among activities, namely dataﬂow analysis, so as to avoid
certain potential design errors in the ﬁrst place. Of course, this assumes
the knowledge of all the activities and their input and output data can
be obtained in the stage of process analysis given that the necessary information can be identiﬁed from interviews, discussion sessions, and documents by using the existing design methods [13,15,27,35]. This
simpliﬁcation makes it manageable to develop a ﬁrst-cut workﬂow design method.
The scope of our research is that starting from a dataﬂow to derive a
corresponding acyclic workﬂow consisting of ﬁve basic constructs
[1,2,28]. A dataﬂow is speciﬁed with a set of business activities, the related routing constraints deﬁned on the given business activities, and input
and output data items for each business activity. In this paper, we focus
on determining relations between business activities from the dataﬂow
and then developing a control ﬂow consistent with the dataﬂow. The
basic idea is to decide how activities should be sequenced in a workﬂow
through examining the dataﬂow in a process, i.e., the transformation
from input data to output data via a sequence of activities. First, we deﬁne certain dataﬂow properties, including well-connectedness, completeness, and conciseness, to verify if a dataﬂow speciﬁcation provides
correct and sufﬁcient information for constructing a workﬂow model.
Moreover, we develop design principles for deriving potential activity
execution steps, referred to as “activity relations”, from data dependency
analysis. Third, we develop an analytical method to enable the creation of
complete workﬂow models from activity relations. Fourth, we simplify
workﬂow design by applying the concept of inline block and decoupling
the issue of model correctness from the issue of workﬂow efﬁciency.
Comparing with the existing workﬂow design methods that involve
largely manual and experiential efforts, our method converts the design
of complex workﬂow models from a task that depends on the knowledge
and experience of workﬂow developers to a task that is supported with a
systematic and mathematically rigorous approach. Therefore, we refer to
such an analytical approach as workﬂow design analytics.
The impact of workﬂow design analytics is signiﬁcant. First,
workﬂow design analytics builds the foundation for a formal approach to deal with the complexity of workﬂow model construction, thus alleviating the intellectual challenge faced by business
analysts. Second, analytical workﬂow design can help verify the
sufﬁciency of the given process information, including activities and associated data, for workﬂow model construction. Moreover, our approach
can help eliminate certain potential workﬂow ﬂaws caused by violation
of data dependencies [30] and inappropriate model structures [7]. This
feature of our approach will reduce the costs of generating error-free
workﬂow models. As our research goal is to enable the transformation
of workﬂow design from a manual and experiential effort into a more
systematic and rigorous approach, the contribution of our research goes
well beyond the computational formalism presented in this paper. Successful application of our approach will have considerable economic
implications for companies with complex business processes.
The remainder of this paper is organized as follows. Section 2 reviews
the relevant literature. Section 3 presents the data dependency concepts
needed for workﬂow design. Section 4 deﬁnes the principles for deriving
basic workﬂow structures from analyzing data dependencies. Section 5
demonstrates how to generate complex workﬂow models step by step.
Finally, Section 6 concludes the paper by outlining our contributions
and future directions.
2. Literature review
Most work in the area of workﬂow management focuses on
representing activity sequences through various graph-oriented
modeling languages. For example, both Event-driven Process Chains
(EPC), used to describe the SAP reference model [9], and Business Process Modeling Notation (BPMN), developed by the Business Process

271

Management Initiative (BPMI), are notations intended not only for technical developers but also for business analysts. As efforts to make the two
graphic notations formal, different formalisms have been added to both
EPC and BPMN [11,20]. Another popular graphic tool, UML activity diagram, plays an important role in workﬂow modeling [12]. Due to the
lack of formal foundation [19] in UML activity diagrams, propositional
logic has been applied to verifying UML activity diagrams [7].
As a formal modeling language, Petri nets [1,2] can help determine if
an activity sequence contains errors, such as deadlock, activities without termination or activation, and inﬁnite cycles, due to its abundance
of analysis techniques. Based on Petri nets, a new workﬂow modeling
language, Yet Another Workﬂow Language (YAWL), has recently been
developed with some extended expressive power for specifying different workﬂow structures [4]. Metagraphs, a graphic structure extended
from directed graphs and hypergraphs, has also been used as a formal
workﬂow modeling approach to supports analysis of the data transformation through a sequence of activities [6].
While a signiﬁcant amount of research in the workﬂow area has focused on modeling, veriﬁcation, and analysis issues [2,7,17], formal
methods to generate workﬂow models, namely the workﬂow design
approaches, have not received enough attention in the literature [31].
The most well-known workﬂow design approach is the participative
approach [13], which adopts the principle of joint application design
(JAD) consisting of a variety of methods for conducting workshops
where users and technical developers work together to deﬁne requirements of information systems [10]. This approach is useful for collecting
information needed for workﬂow design, such as business documents,
business rules, relevant business activities, and data elements critical
to execute the activities. However, the participative approach does not
offer formalism for generating workﬂow models in a rigorous manner.
The method of Product-Based Workﬂow Design uses the relationship
among data elements derived from product speciﬁcations as a starting
point for workﬂow design [27,35]. Moreover, cost and ﬂow time are considered as criteria for selection of workﬂow models. The policy-driven
workﬂow mining method [15] focuses on deriving a workﬂow model
from documented business policies. However, formal procedures are
still needed on how to determine activity sequences and how to use parallelism and conditional routing on the basis of analyzing relationships
among data.
As an important step in workﬂow management, dataﬂow analysis
can help discover dataﬂow errors hidden in a workﬂow model after the
model has been created [25,29,32,34]. However, it should be more efﬁcient to prevent dataﬂow errors by taking dataﬂow into consideration at
the time the workﬂow model is created. Therefore, in this paper, we propose to start workﬂow design with analyzing data dependency, a type of
ﬂow dependency that arises whenever one activity uses a resource produced by another activity [18]. Moreover, we propose a new concept
called “activity relations” as a foundation for a formal workﬂow design
method. The concept of activity relations is inspired by the concept of
“log-based ordering relations” used in [3]. However, the concept of
“activity relations” is different from “log-based ordering relations” in
that the former describes the structures of a workﬂow model and the latter describes the event sequences found in an event log.
The detection and veriﬁcation of errors have also been investigated in
the area of rule-based systems [24,26,30,37,38]. Validation of rule-based
systems requires the identiﬁcation of anomalies such as redundancy, ambivalence, circularity, and deﬁciency at a large-scale since a rule-based
system can have thousands of rules. However, workﬂow design faces a
different challenge given that each step in a business process typically
produces a data output while a rule in a rule-based system may or may
not produce any data. Further, consideration of the two intertwined aspects, i.e., dataﬂow and control ﬂow, is not explicit in rule-based systems
but critical for preventing structural errors in workﬂow systems.
As shown above, the number of publications related to workﬂow design is still quite small, particularly in comparison with the area of
database design. However, workﬂow design is becoming increasingly

