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models with arbitrary cycles effectively.
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1. Introduction

Over the last two decades, workflow management systems (WfMSs) have been used in various domains to achieve higher efficien-
cy, agile adaptation, and systematic management of business processes [1-3]. Workflow models should be correctly defined before
they are deployed in the WfMSs to avoid runtime errors and costly maintenance delays [3-17]. Empirical studies show that the
models from practice have considerable error ratios, i.e. 5-30% having control-flow problems [18-20]. In addition, to correct and
further improve the models, communication among different stakeholders is required [4,11,15,16]. Vanhatalo et al. [15] suggested
two criteria of acceptable verification methodologies to eliminate enactment errors: (i) not to delay the process of constructing a
model (to make it possible to integrate control-flow analysis tightly with modeling tools), and (ii) to produce useful diagnostic
information in order to locate and fix errors in the model. In summary, it is essential to ensure the correctness of the workflow models
in a prompt and comprehensible way before deployment.

Control-flow verification, or structural correctness, has been mainly focused in the study of workflow analysis [3,5-7,10-15,17,21].
Further analysis with respect to logical, temporal, and performance aspects, for instance, can be applied after structural conflicts are
removed [13,16,22]. However, although workflow verification is important, few commercial WfMSs provide formal verification tools,
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i.e. most commercial WfMSs use vendor-specific ad-hoc modeling techniques without theoretical framework for their representation,
analysis, and manipulation [4,7,9]. Process simulation, supported by some WfMSs, may be used to find a useful insight into process
behavior, but it cannot handle interrelationship among process components [9].

Another issue in the control-flow verification is existence of loops [20,23-26]. In a workflow model, some activities may need to be
re-executed until a certain condition is met. This requirement forms a structure called loop, which is classified into reducible loop and
irreducible loop by a number of loop entries. Control-flow instances of a loop can be various since activities could be executed multiple
times, possibly in different paths in each cycle. An irreducible loop having multiple entries, its control-flow instance is further varied
by which loop entries are activated at the first visit and during cycling. Consequently, it makes the loop difficult to analyze. The
problem is more complex if the loop is inside or contains another loop. Additionally, arbitrary cycles in particular may cause ambiguity
when executed in the context of some modeling languages, as shown in [27] for example. To avoid such ambiguity, some WfMSs
strictly restrict the syntax of their modeling languages. As a result, the expressive power of their languages is reduced [28].

To handle aforementioned issues, this paper proposes a stepwise structural verification approach for workflow models with
arbitrary cycles, by means of acyclic decomposition and loop reduction. Major features of the proposed approach are as follows:

* Acyclic decomposition of natural loops, further enhanced by reduction of nested loops enables the proposed approach to handle
workflow models having natural loops by using existing verification approaches that can only deal with acyclic workflow models;

* Instantiation of an irreducible loop into several natural loops, altogether with reduction of concurrent loop entries enables the proposed
approach to handle workflow models having irreducible loops; and

* Providing diagnostic information helps process designers and process analysts correct or further improve the structure of their
workflow models.

The rest of the paper is organized as follows. Section 2 provides a review of existing workflow verification approaches by focusing
on directed graphs and control-flow perspective. Section 3 presents background information on workflow graphs and concepts
related to loops, which are well known in control-flow analysis and graph theory [18,23,29]. Section 4 fully describes the proposed
approach by dividing into three functions: compound-gateway splitting, natural-loop handling, and irreducible-loop handling.
Section 5 shows how the proposed approach works in detail through two examples. Section 6 discusses computational complexity
of the proposed approach and execution results derived from its prototype system, a Windows-based application named
gProAnalyzer. Finally, Section 7 summarizes contributions of this paper and provides suggestions on future research.

2. Related work

In the literature of workflow modeling and analysis, various modeling languages and verification approaches exist. Good modeling
languages should have clear semantics so that analysis techniques (based on their own languages) can be developed. An example of
such languages is Petri net [6,30]. It is a graphical language, which can support the primitives identified by Workflow Management
Coalition (WfMC) [31]. Its semantics is formally defined. Its analysis techniques and tools are also abundant. However, its description
of a real process tends to be complex and extremely large [6], and possibly induce state-explosion problem [32]. To reduce reachable
states during the verification, partial-order reduction, reduction rules, and model-slicing algorithm, for example, are added
[30,33-37]. Approaches transforming a process modeled in other languages to Petri net for the sake of verification have also been
proposed [17,20,34,38-42]; but, two-way mapping issues of model equivalence and reflection of verification results in the original
models might occur [28].

Another formal technique widely used for the analysis of state space is model checking [43]. Its state space is a directed graph,
which represents the control flow of a process model and can be constructed by breadth-first or depth-first search (from the graph
theory). It verifies correctness of the graph (e.g. safety and liveness properties) by using a model checker (e.g. Spin and NuSMV) to-
gether with temporal logic (e.g. LTL and CTL) or propositional logic, providing both syntax and semantics for the constraints. Tech-
niques such as modeling slicing and decomposition are applied to reduce state space [44,45]. However, a recent approach by
Bartak and Rovensky [45], for example, still report only one error (if found) per model to avoid generating the entire state space.

Since the control flow of a process can be represented as a directed graph, graph-based approaches have been proposed for struc-
tural verification [11,12,14,15,21,46,47]. Sadiq and Orlowska [14] proposed five rules to reduce an acyclic directed graph iteratively
until the graph is empty or no rules can be applied. If the final graph is empty, it means that the graph has no error; otherwise, the
graph contains at least one structural conflict. Lin et al. [21] criticized the previous approach for its incompleteness and proposed
two additional rules. However, both approaches are limited to acyclic models and they were criticized by Liu and Kumar [48] that
they cannot provide causes of detected errors and help for further improvement of the model. Choi and Zhao [11] proposed an ap-
proach combining loop decomposition and inline-block reduction with pattern-based verification rules for nested cyclic directed
graphs. This research was criticized by Bi and Zhao [10] for not providing scalability, usability, and computational efficiency of the pro-
totype system.

Zerguini [46] proposed reduction algorithm to transform a free-choice WF-net (a subclass of Petri net) to a hierarchical net based
on reducible regions (defined in the graph theory) without changing the behavior of the original net. Soundness of each region and the
final net are verified separately by using Petri-net-based techniques. Hauser et al. [12] proposed an approach imposing hierarchical
structure to a cyclic workflow graph by using region-growing rules, adapted from reduction rules in [ 14,21]. The model is semantically
sound if and only if it is region-reducible. This approach can detect and localize structural conflicts, can support overlapped structure,
but cannot support synchronized conditions. Vanhatalo et al. [15] proposed a decomposition method based on single-entry and
single-exit (SESE) regions; and combined reduction rules and heuristic rules to speed up the verification process of a workflow
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