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Abstract

The success of a business process management system stands or falls on the quality of the
business processes. Many experiments therefore have been devoting considerable attention to
the modeling and analysis of business processes in process-centered organizations. One of
those experiments is to apply the probabilistic theories to the analytical evaluations of business
process models in order to improve their qualities. In this paper, we excogitate a conceptual
way of applying a probability theory of proportions into modeling business processes. There
are three types of routing patterns such as sequential, disjunctive, conjunctive and iterative
routing patterns in modeling business processes, into which the proportion theory is applicable.
This paper focuses on applying the proportion theory to the disjunctive routing patterns, in
particular, and formally named proportional information control net that is the formal
representation of a corresponding business process model. In this paper, we propose a
conceptual approach to discover a proportional information control net from the enactment
event histories of the corresponding business process, and describe the details of a series of
procedural frameworks and operational mechanisms formally and graphically supporting the
proposed approach. We strongly believe that the conceptual approach with the proportional
information control net ought to be very useful to improve the quality of business processes by
adapting to the reengineering and redesigning the corresponding business processes.
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1. Introduction

According for the business process (or workflow) automation technologies to swiftly grow

and be increasingly used by many newly formed and web-based organizations, we need to
analyze a new type of requirements and demands concerning about business process
intelligence and quality [1][2][4]. Especially, in order to improve the quality of business
processes with the high, consistent and predictable efficiency, it is so important for the
business process knowledge to be discovered from runtime execution logs of business process
models. Note that there exist the various perspectives of the business process knowledge such
as control-flow perspective [3][4][10][14][21][23], data-flow perspective, behavioral
perspective [7], and organizational resource perspective [8][11][15][16][17] in particular. Out
of those perspectives, the main emphasis of this paper is on the control-flow perspective, and
from which we are able to derive the answers to the following questions:

e How well is a business process model reflecting the control-flow aspect of all the
administrational, managerial and operational activities in the organization?

e How do we quantitatively measure the differences between the planned business
process models on build-time and the observed business process models on runtime?

There are four types of routing patterns in the business processes’ control-flow perspective
such as sequential, disjunctive (alternative), conjunctive (parallel) and iterative (loop) routing
patterns. We focus on the disjunctive routing pattern in particular, and try to measure the
proportions of control-flow branches by observing their enactment instances of a
corresponding business process model. In other words, we are especially interested in the logs
(audit trail) of business processes. By discovering the relative frequencies of possible
control-flow branches from the enactment event logs, we can figure up the occurrence
proportions to all the alternative control-flow branches in a business process model. By
observing the proportions of all the control-flow branches on the Exclusive-OR forks, we can
calculate the probability of every execution sequence of a corresponding business process
model. Then we can compare the observed proportions to the planned proportions,
respectively, and use the control-path oriented knowledge to reengineer and redesign the
corresponding business process.

In this paper, we propose a conceptual approach for discovering the observed frequency
(proportion) of each control-flow branch of the disjunctive routing patterns from the
enactment event logs of a business process model. The conceptual approach is based upon the
control-path oriented process knowledge analysis algorithm that was firstly introduced in [3].
The most essential issue in the control-path oriented process knowledge is to analyze all the
possible execution sequences and their enactment frequencies in a business process model,
and the knowledge will be eventually used to redesigning and reengineering with maintaining
the higher degree of quality on the corresponding business process model.

2. Related Works and the Scope

Our work is concerned with Proportional Information Control Nets aiming at supporting the
model-log comparison of workflow and business process models. The first conceptual
initiation of the model—log comparison was ignited by the novel concept of the control-path
oriented workflow intelligence [21]. Thereafter, several research outcomes dealing with this
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issue of rediscovering workflow and business process models have been released in the
literature. This paper is one of those trials and outcomes. Recently, there is another conceptual
extension of the workflow and business process intelligence issue covering and enhancing the
model—log comparisons, which is the stochastic information control net [8][10]. We
summarize and describe the relevance and similarity of some of that concept here. In the
stochastic information control nets, we have a feature that allows the placement of

probabilities, or probability distributions on the out-going arcs of OR-fork nodes. Additionally,

it allows meaningful placement of probabilities on AND-fork nodes, too. However, the
probabilities placed on OR-fork/ AND-fork nodes in the stochastic information control nets are
the estimated values (or the probability distributions) for the sake of simulating works,
whereas the probabilities placed on OR-fork/AND-fork nodes in the proportional information
control nets proposed in this paper are the observed values discovered from the enactment
event logs of the corresponding business process models.

So far, many publications were released in the area of the model—log comparisons, which
is named as workflow mining or business process mining, and they are mainly concerning
about the quality and reengineering of business process models through the comparisons of
workflow models [20] to event logs [3][5][6][7][13] as well as the comparisons of models to
other models by using the probability theory [8][11][14][17][19]. Some of those works were
especially issuing the managerial concerns with stochastic definitions of human-centric
behavioral knowledge [4][12][15][16][18] of business process models. Summarily speaking,
however, all of these works mainly focused on the conformance of models by either
specifically comparing a model to a log or probabilistically estimating the behavioral patterns
of a model. Our work addressed in this paper tries to answer to the question, “How well (or
how much) is a business process model conformed to the planned activities and their
behavioral patterns?,” by directly ransacking its enactment event logs. Conclusively, through
the outcome of our work like the proposed conceptual approach and its related formalisms, we
are able to judge of over-fitting or under-fitting on a business process model, and eventually to
calculate the level of fidelity of the corresponding model. We note that none of these previous
works have used proportions on branches of OR-forks, AND-forks and LOOP-forks in the
way that this paper proposes to help quantify their analysis results. In this paper, we confine
the scope to the OR-forks’ branches.

3. The Conceptual Initiation

The conceptual initiation of the idea comes from a novel concept of the control-path oriented
workflow intelligence [21], which was firstly announced by the authors’ research group. As
illustrated in Fig. 1, we introduce the conecpt of the control-path oriented business process
intelligence. The middle part of the figure depicts a series of observed routing patterns (e.g. 5
types of control-paths) and their frequencies that are discovered from the running time traces
and execution logs of a corresponding busienss prpcess model, and the left-hand side of the
figure represents a proportional business process model constructed from the observed routing
patterns. The examplified business process model in the figure consists of three mutually
Exclusive-OR gateways, through which we generate five different types of control-paths
based on the corresponding business process model of the build-time and also through which
we are able to possibly discover 5 difference types of firing sequences based upon the
run-time’s. The proportional business process model in the figure conveys a very valuable
knowledge, which is called the concept of control-path oriented intelligence, that represents
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the indicator of control-paths’ significance after being elapsed a certain amount of time. Based
upon the indicator, we can evaluate the corresponding business process model, and
qualitatively redesign the model by separating the control-paths having the smaller
frequencies from the control-paths having the higher frequencies in the next phase of the
quality improvement and refinement of the model.

More precisely speaking, the conceptual approach proposed in this paper is deployed by a
series of procedural transformations for analyzing control-paths and their enactment
frequencies from the enactment event histories of a specific business process model. In this
paper, we try to extensively refurbish the concept and apply it into discovering a proportional
business process model from the enactment event logs. The first transformation is to
rediscover a set of observed routing patterns, each of which can be modeled into a workcase
model, from the enactment event histories logged by executing a corresponding business
process model. At the same time, it is necessary to count the frequencies of the rediscovered
workcase models and measure the proportions. The second transformation is to discover a
proportional business process model, which is formally and graphically modeled by a
proportional information control net, from the rediscovered temporal models (observed
routing patterns) and their frequencies. In terms of defining the proportional business process
model, we need to enhance the graph model so as to add the proportions on each edge. In other
words, we are unable to discover the proportions of all the associated edges with the
Exclusive-ORs through only the frequencies of the observed routing patterns. So, we need to
develop an additional scheme for discovering the proportions of the observed routing patterns
from the enactment event logs of a corresponding business process model. In this paper, we
conceive a conceptual approach to theoretically support this additional scheme.
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Fig. 1. The Conceptual Initiation for Discovering Proportions in a Business Process Model
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In terns of defining the concept of proportions in a business process model, we would
adopt a way of formalism for the stochastic information control nets [10], and semantically
extend the meaning of stochastics to the concept of proportions. There are a number of
AND/OR graph models [7][10][18][19][22] in the business process modeling literature. In
particular, we take into account an Exclusive-OR (disjunctive routing pattern) construct with
holding proportions. Through such construct, we are able to model decision-making activities
in a business process model, and the conceptual approach to be proposed in this paper is able
to measure probability (proportion) of each selection of the decision-making choices by
rediscovering the observed Exclusive-OR routing patterns and their frequencies from the
enactment event logs of a corresponding business process model. For the sake of the formal
representation of a proportional business process model, we extensively revise the original
information control net methodology [9][19] by supporting the concept of proportions. That is,
we conceive the idea of proportional information control nets (abbreviated as p-ICNs) by
extending the classic ICN definitions with appending proportions to outgoing arcs of an
Exclusive-OR construct. Each arc in the p-ICN graph so has a proportional value after all. In
any given Exclusivel-OR node, the sum of all the proportions of the arcs must be one as shown
in Fig 2. Also, all the activity nodes in a single p-ICN have to have only one outgoing arc
(out-degree = 1), the proportion of the activity node’s arc so must be one. For
convenience, such an activity node’s arcs are unlabeled in our graphical representation of
p-ICNs.

Exclusive-OR
Fork

Q Initiation event

Termination event
O PT ~ Pn

o Proportions: P, +... + P =10
@ Activity node N\ \\"", .

——> Control-flow arc J
Exclusive-OR

Join

Fig. 2. The Proportional Properties on the p-ICN’s Disjunctive (Exclusive-OR) Routing Patterns

Fig. 2 illustrates the proportional properties of an Exclusive-OR routing pattern of p-ICN.
Note that the Exclusive-OR fork has the proportions of P, ~ P, that are attached to the
outgoing arcs (with > p; = 1), but all the incoming arcs of the Exclusive-OR join have no
specified proportions, because the proportion of each arc is 1. 0. The number of outgoing arcs
of the Exclusive-OR join node must be one. Also, all of Exclusive-OR fork nodes and
Exclusivel-OR join nodes in a p-ICN have to keep the properties of matched-pair and
proper-nesting. The formal definition of p-ICNs will be presented in the next section.

4. The Conceptual Approach for Discovering the Proportions

In this paper, our emphasis is placed on the quality and reengineering of business process
models that are especially built by a combination of disjunctive routing patterns. That is, we
used to model a business process model by a combination of four types of routing patterns,
such as sequential, disjunctive, conjunctive, and iterative routing patterns, in defining its
control-flow perspective. We are particularly interested in only the disjunctive routing pattern,
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because this pattern produces a series of alternative control-flow paths, and its enactment
history gives us very meaningful knowledge to be used not only for evaluating the quality of a
corresponding business process model, but also for redesigning and reengineering the model,
itself. The eventual goal of the conceptual approach is to discover a proportional business
process model from its enactment event histories logged by executing all the four types of
routing patterns. However, we confine the conceptual approach to the matter of the sequential
and disjunctive routing patterns in this paper. We so assume that the enactment event log is
only containing the execution histories of those business process models built by a
combination of sequential and/or disjunctive routing patterns. In this section, we deploy the
detailed formalisms of the conceptual approach for rediscovering a proportional business
process model from its enactment event histories.

4.1 Formalisms for the Conceptual Framework
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Fig. 3. A Procedural Framework to Discover the p-ICN’s Proportions

The conceptual approach is concretized by a conceptual framework that is composed of a
series of procedural concepts and their algorithmic formalisms such as business process
enactment event logs, business process warehouses, temporal workcases, and the cascading
filters. Fig. 3 is to illustrate these procedural concepts and the names of their algorithms in the
conceptual framework to be used for realizing the conceptual approach proposed in this paper.
Especially, our focus is on a concept of the cascading filters, and its algorithmic details,
further.
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4.2 p-ICNs with Disjunctive Routing Patterns

Proportional Information Control Nets (which is abbreviated as p-ICN) using the terminology
of the graph theory for representing proportional business process models can be formally
defined as follows:

A p-ICN is a directed graph where every node (or vertex) has a unique ID number,
a (not necessarily unique) label, and a type; every arc (or edge) is defined as an
ordered pair <n;, n,> of nodes, and has a proportion (in the (0,1] range)
associated with it denoted pr<nj;, n,>. Directed arcs connect nodes, and
semantically denote precedence. There are 5 node types: initiation (initial-node)
event, termination (final-node) event, activity, OR-fork, and OR-join. Note that
p-1CNs must be properly nested, and non-empty. The properly nested means that
all the control-flow constructs must be entirely contained within other
control-flow constructs, and that they may be neither interleaved nor structured
with “GO TO” arcs.

e Each activity node, n,, has in-degree, din, of one, and out-degree, dout, of one. The
exception is the one unique initial event-node, n, such that di,(n,) = 0; and the one unique
final event-node, ng, such that d.(ng) = 0. Semantically, activity nodes denote activities,
events or actions; and have at most a single predecessor node, Nyrq, and at most a single
successor node, Npey. Proportionally, pr<n,, Npee> = 1.0.

o Each Exclusive-OR fork node, ngor, has in-degree, din(neor) = 1, and out-degree, dout(Neor)
= m where m is an integer, m > 0. Semantically, Exclusive-OR forks denote exclusive
choice or conditional branch control nodes. They have a single predecessor node, and
more than one successor nodes, ny, Ny, ..., Ny, of which only one can be chosen to execute
next during any execution sequence (Exclusive-OR semantics.) Proportionally, pr<ngor,
Nnexe> > 0.0 for all out-arcs, and the node is normalized if pr<ngor, Nhex™> = 1.0, where the
sum is from 1 to m.

e Each Exclusive-OR join node, ngo;, has out-degree, doui(Neos) = 1, and in-degree, din(Neos)
= m where m is an integer, m > 0. Proportionally, Exclusive-OR joins de- note
control-flow alternatives coming together. They have a single successor node, and more
than one predecessor nodes, ny, Ny, ..., Np. The completion of any one predecessor can
trigger the execution of ngo; during any execution sequence (Exclusive-OR semantics.)
Proportionally, pr<ngoj, Nhex> = 1.0.

4.3 Business Process Enactment Event Logs

On the procedural framework of Fig. 3, the starting point is the business process enactment
event logs that were stored as the enactment histories of all the business process models (or
packages) managed by a underlying business process management system. According as an
instance of a business process model executes, its temporal execution sequence is produced
and logged into the backup databases or files; this temporal execution sequence is called
business process event trace (or temporal workcase). The business process event trace is made
up of a set of activities’ event logs.

In general, we consider storing the business process event traces in an XML format. The
WIMC (Workflow management coalition) has leased a standardized specification for the
XML-based business process event traces, which is named as BPAF (Business Process Audit
Format). Also, prior to the BPAF specification, an XML-based workflow (or business process)
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event log language was studied and proposed in [13] as one of the business process mining
mechanisms. In this paper, we formally define the format of business process enactment event
logs through the following definitions:

[Definition 1] Business Process Enactment Event Log. Let bpe=(a,pc,wf,c,ac,&,p*,t,S) be an
event, where o, is a workitem (activity instance) number, pc is a package number, wf is a
business process number, ¢ is a business process instance (workcase) number, ac is an activity
number, ¢ is an event type, which is one of {Scheduled, Started, Changed, Completed}, p is a
participant or performer, t is a timestamp, and s is an activity state, which is one of {Inactive,
Active, Suspended, Completed, Terminated, Aborted}. Note that * indicates multiplicity.

[Definition 2] Business Process Warehouse. Let I; = {c{', ..., c,' } be a set of completed
business process instances (m is the number of the business process instances) that have been
instantiated from a business process model, I;. A business process warehouse consists of a set
of business process logs, WL(ly), ..., WL(l,,), where WL(I;) = VWT(c'  I;), and n is the number
of business process models managed in a system.

[Definition 3] Business Process Trace (Temporal Workcase). Let BPT(c) be a trace of
business process instance, ¢, where BPT(c) = (bpe; , . . . , bpe,). Especially, the business
process trace is called a temporal workcase, TW(c), if all activities of its underlying business
process instance are successfully completed. There are three types of temporal workcases
according to the events type—Scheduled, Started, Completed:

— ScheduledTime Temporal Workcase
{bpe; |bpe;.c = c A bpe; .e = ’Scheduled” A bpe; .t <bpej.t Ai <jAl<i,j<n}, whichis
a temporally ordered business process event sequence based upon the scheduled time
stamp.
— StartedTime Temporal Workcase
{bpe; |bpe; .c = c A bpe; .e ="Started” A bpe; .z <bpej.tAi<jAl<i,j<n} whichisa
temporally ordered business process event sequence based upon the stated time stamp.
— CompletedTime Temporal Workcase
{bpe; |bpe; .c = c A bpe; .e = Completed’ A bpe;.t <bpej .t ATi<jAl<i,j<n}, which
is a temporally ordered business process event sequence based upon the completed time
stamp.

Based on these formal definitions, we are able to extract a full set of the temporal workcases
spawned from a specific business process model, which become the input of the temporal
workcase filters proposed in this conceptual approach. Consequently, according to the
timestamp types, we can build three different types of business process enactment event logs
and their business process warehouses, such as Scheduled Time-based Warehouse,
StartedTime-based Warehouse, and CompletedTime-based Warehouse.

4.4 A Formal Model of Temporal Workcases: The Workcase Model

The formal concept of the workcase model was firstly defined in [14], in where the authors
proposed the concept and its amalgamating algorithm as a novel algorithmic approach for
rediscovering business process models from the corresponding enactment event histories.
Each of the temporal workcases is formally represented by a workcase model, and at the same
time it is mechanically modeled by a string of bits, where each bit of the string implies the
presence (or absence) of activity in a corresponding temporal workcase, as shown in Fig. 3. In
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the following [Definition 4], we formally define the workcase model, and also it can be
graphically represented by a shape of bit-string. The primary reason that we use a bit-string
representation of a temporal workcase is on enhancing the operational efficiency in
implementing the cascading filter mechanism that is able to classfy all the temporal workcases
into one of the silos, each of which archives all such temporal workcases having the same
bit-string.

[Definition 4] Workcase Model (WCM). A workcase model is formally defined through

3-tuple W = (w, P, S) over an activity set, A, where

e P is a predecessor activity of some external workcase model, which is connected into the
current workcase model;

e S is a successor activity of some external workcase model, which is connected from the
current workcase model;

o w=w; U w,, where, w,: A — g(a € A)is asingle-valued mapping function of an activity to
its immediate successor in a temporal workcase, and w;i : A — @ (o € A) is a single-valued
mapping function of an activity to its immediate predecessor in a temporal workcase.

In the procedural framework of Fig. 3, there are, for example, three patterns of temporal
workcases associated with those Exclusive-OR nodes in a specific business process model,
which are differentiated from each other according to such temporal information (the events’
timestamps) logged at the time when the corresponding activities’ workitems was performed.
Especially, each of the temporal workcase patterns is used to build a temporal workcase filter
as shown in the righthand-side of Fig. 3. The enactment engine of a business process
management system maintains three sorts of timestamps such as scheduled, started, and
completed timestamps when it stores the enactment event timestamps of activities; there are
three sorts of temporal workcases in the business process enactment event logs, and from
which we can build three sorts of busienss process warehouses, too. Accordingly, the
workcase model subdivides into three types, such as scheduled, started, and completed
workcase models. In this paper, we do not cope with these specific types of the workcase
models in detail.

4.5 The Temporal Workcase Filters

This section describes a procedural approach for generating a series of temporal workcase
filters from a business process model. We will use the approach to measure the proportions of
the disjunctive routing patterns, and eventually to discover a proportional business process
model from its enactment event logs. As illustrated in Fig. 4, the temporal workcase filters,
which can be represented by bit-sequences, are generated from a specific business process
model by analyzing the possible firing sequences of activities along with the Exclusive-OR
split-nodes. In order to analyze a possible set of firing sequences in a business process model,
it is necessary to develop a sort of control-path analysis algorithm. Fortunately, [21] proposed
a novel algorithm for analyzing control-paths of an information control net, and we would use
the algorithm to generate the firing sequences from business process models. Each of the
activity firing sequences is formally represented by the workcase model defined in the
previous subsection. The approach also needs another algorithm that is able to automatically
transform from each of the temporal workcases to a filter being realized in a bit-sequence to be
applied into the filtering function via a series of exclusive-OR bit-operations.

Fig. 4 is to illustrate an operational example of the procedural framework, which shows
constructing the temporal workcase filter with 5 filters from an information control net of the
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examplified business process model that consists of 3 Exclusive-OR nodes with 5 firing
sequences (control-paths). To obtain a possible set of the firing sequences, we applied the
examplified information control net to the activity firing sequences analysis algorithm [21],
and graphically represented the result of the 5 firing sequences in the workcase models. Also,
the bit-sequences generation algorithm produced the 5 temporal workcase filters from the
input of the 5 workcase models, each of which is graphically represented by a box-sequence in
Fig. 4.
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Fig. 4. A Procedural Framework for Constructing the Temporal Workcase Filters

4.6 The Proportion Decision-Making Model

The eventual goal of the conceptual approach proposed in this paper is to discover a
proportional business process model from its enactment event logs. Until now, we have been
excogitating a series of conceptual and procedural formalisms that is able to discover the
number of workcases belonging to each of the disjunctive routing patterns (the firing
sequences of activities) in a corresponding business process model. However, the discovered
numbers are definitely not enough to complete this goal. We need an additional step that is to
build a proportional business process model by applying the discovered numbers of the
temporal workcases to measure the proportions of all the branches on the Exclusive-OR
routings. In order to complete the final step of the proportions discovery works, we propose a
novel concept of the proportion decision-making model that is formally defined as follows:

[Definition 5] Proportion Decision-Making Model. Let M be a proportion decision-making
model, that is formally defined as M = (v, ) over a set of activities, A, where
—X=XiYXo
where, y, - A — 4(A) is a multi-valued mapping of an activity to an another set of
activities, each member of which has the disjunctive-type dependency, and
xi - A— @(A)isasingle-valued mapping of an activity to an another activity that is one
of the members in {o; , Exclusive-OR—split};
-0=6;00,
where, 6; : the number of discovered temporal workcases on each arc, (xi(e), a); and
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6, : the number of discovered temporal workcases on each arc, (o, yo(a)), where a € A,

Fig. 5. A Proportion Decision-Making Model

In order to derive a proportion decision-making model from a business process model, we
need to devise an algorithm that is able to construct a proportion decision-making model from
an information control net of the correponding business process model. Fortunately, we can
adopt the concept of activity control dependencies that was proposed in [3], and we revise the
algorithm [3] so as to extract a proportion decision-making model from an activity dependent
net that is the formal represention of the control dependency relationship among the activities
in a specific information control net. In this paper, we won’t provide the details of the revised
algorithm. The graphical representation of the proportion decision-making model is given in
Fig. 5; the numerical values on the edges imply the numbers of temporal workcases on the
disjunctive routing patterns of the business process model examplified in the previous
sections.

The Temporal Workcase Filters
(FIFAF I IF)
|

w1 a[1] e[ a[1] «[1]
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Silo, Silo, The Proportional

Business Process Model

Fig. 6. An Operational Example Discovering the Proportional Business Process Model

Conclusively, the proportion decision-making model of Fig. 5 and its numerical values are
calculated from the counts in the silos as illustrated in Fig. 6. Through the temporal workcase
filters, we can collectively sort out all the business process traces into the proper silos, and the
numerical values in the fronts of the silos, such as 355, 365, 75, 262, and 282, are the counts of
temporal workcases filtered into the corresponding silos. Based upon these counts and the
dependency information (y) of the proportion decision-making model, we can calculate the
counts of the edges (the disjuctive routing patterns), such as (720, 625) and ((355, 365), (75,
262, 282)). After all, we can calculate the proportions of the edges, such as (0.54, 0.46), and
((0.49, 0.51), (0.12, 0.42, 0.46)), respectively, and produce a proportional information control
net that is a formal represention of the correponding business process model.
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5. Conclusion

In this paper, we have introduced the conceptual approach of discovering the proportional
business process model from its enactment event histories and logs, and we have also
described the formal and graphical representations of all the conceptual ideas for the proposed
conceptual approach. Particularly, in this paper we newly conceived a concept of the
proportional business process model, and its rediscovery framework with a serial of feasible
and conceptual solutions. The proposed approach eventually gives us a higher-level of
efficiency in terms of improving the quality of business process models. In recent, the
literature needs various, advanced, and specialized process mining techniques and analysis
approaches to redesign and reengineer the existing workflow and business process models.
This situation is why the fidelity issue of business process models has been raised in the
literature. Through the outcome of our work, we strongly believe that we are able to
implement a very reasonable business process intelligence system based on the novelties of
the proposed conceptual approach and the fully supported functions to judge of over-fitting or
under-fitting on a business process model and eventually to measure the fidelity of the
corresponding business process model, as well.
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