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Abstract. The goal of process mining is to automatically generate a
process model from an event log, e.g., automatically constructing an
EPC based on the transaction logs in SAP. Currently available process
mining techniques typically try to generate a complete process model
from the data acquired in a single step. In this paper, we propose a multi-
step approach. First models are generated for each individual process
instance (this can be done in many steps). In the final step however,
these instance models are aggregated to obtain an overall model for the
entire data set. In this paper, we focus on that final step, i.e., aggregating
instance graphs. The work is motivated by recent tools and techniques to
generate instance models. For example, widely used tools such as ARIS
PPM and InConcert generate instance models that can be interpreted
by our process mining tool. The result of our multi-step approach can
be represented in different types of process models. In this paper, we
show a translation from aggregated instance graphs to Petri nets using
Event-driven Process Chains (EPCs) as an intermediate step.
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1 Introduction

Increasingly, process-driven information systems are used to support operational
business processes. Some of these information systems enforce a particular way
of working. For example, Workflow Management Systems (WFMSs) can be used
to force users to execute tasks in a predefined order. However, in many cases
systems allow for more flexibility. For example transactional systems such as
ERP (Enterprise Resource Planning), CRM (Customer Relationship Manage-
ment) and SCM (Supply Chain Management) are known to allow the users to
deviate from the process specified by the system, e.g., in the context of SAP R/3
the reference models, expressed in terms of Event-driven Process Chains (EPCs,
cf. [16,17,21]), are only used to guide users rather than to enforce a particular
way of working. Operational flexibility typically leads to difficulties with respect
to performance measurements. The ability to do these measurements, however,
is what made companies decide to use a transactional system in the first place.

One way of doing performance measurements is trough so-called instance
graphs. Instance graphs can be considered to be process models of single exe-
cutions of a case. These instance graphs are a nice way to show parallelism in
process execution and using these instance graphs, many interesting performance
characteristics can be calculated and visualized. However, sometimes looking at



single instances of a process is too fine-grained. Especially managers usually want
to calculate performance measures on a more aggregated level. Therefore, in this
paper, we propose a way to aggregate instance graphs to an aggregation graph.
Such an aggregation graph represents the execution of a set of cases instead of
just one. These aggregation graphs can be used as the starting point for many
interesting measurements in the context of Business Process Management. The
work presented in this paper is greatly inspired by the commercial tool Aris
PPM (Aris Process Performance Monitor, c.f. [15]). This tool indeed visualizes
single instances of a process using instance graphs and is capable of aggregating
them. However, in contradiction to the algorithms presented here, each installa-
tion of Aris PPM requires consultants to manually configure the way instances
are generated and the way they are to be aggregated.
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Fig. 1. The BPM life cycle. Fig. 2. A partial EPC.

In Figure 1, we show the typical life cycle of a process in Business Process
Management. In the traditional approach, you start with a process design. Then,
the design is implemented in some process aware information system in the con-
figuration phase. After the process has been running for a while in the enactment
phase, diagnostics can be used to come to another (and preferably better) de-
sign. The research area of process mining focuses mainly on trying to come to
a process design using data gathered in the enactment phase. Furthermore, the
concept of delta analysis is to compare a process as it is actually executed with
the way it was intended to be executed. With the approach presented in this
paper, we focus on process mining, i.e. we generate a process model from cases
that have been executed. The result can then be used for comparison with the
original process model (delta analysis).

Processes can be described in several modeling languages. Each language has
its own advantages and disadvantages. In this paper, we choose to focus on the
modeling language of Event driven Process Chains, or EPCs (c.f. [16,17]. This
choice is motivated by the fact that it is widely used in industry and is easy to
comprehend for people without a background in theoretical computer science.
However, the general result is independent of this format, and in Section 5 and
Section 6, we show a translation to Petri nets. An example of a part of an EPC
can be seen in Figure 2. We introduce EPCs in some more detail in Section 4.



The remainder of this paper is organized as follows. First, we give some
general notations and concepts that will be used throughout the paper. Then,
in Section 3, we show the formal process of aggregating instance graphs. In
Section 4, we show how our format-independent result can be translated to EPCs.
In Section 5 and Section 6, we give a translation of our result into Petri nets.
The latter translation into Petri nets uses EPCs as an intermediate step. Finally,
in Section 7, we present our toolset that supports the processes discussed here,
and we conclude the paper with some conclusions.

A short version of the work presented here has been submitted to the Interna-
tional Conference on Conceptual Modelling (ER 2005) [12]. This paper extends
[12] by adding formal proofs for the various aggregation steps and by adding a
translation to Petri nets.

2 Preliminaries

In this section, we introduce the basic concepts behind multi-phase process min-
ing, as well as some basic notations. In process mining, the goal is to construct
a formal model describing a set of real life executions. Usually, these models can
be visualized as a graph. In this paper, we do this by assuming that for each
process instance or case, there is a graph that describes that instance. Then, we
sum these individual graphs to an aggregation graph. An example of an algo-
rithm to generate a graph that describes a process instance can be found in [11].
In order to be able to talk about instance and aggregation graphs, we introduce
some basic notations.

2.1 General concepts

In general, a graph consists of a set of nodes and a set of edges. We introduce
a counting operator # over sets, such that we are able to count the number of
elements of a set for which a certain property holds.

Definition 2.1. (Counting operator) Let S be some set. We define a counting
operator # over the elements of S, in such a way that we can count the number of

elements for which some predicate P holds as #,cs5P(s) = > . g { (1) ﬁ fo(tS)P(s) .

Note that by definition, S = @) implies that #sc5P(s) = 0.

Since we will be using graphs throughout the paper, we introduce some basic
notations for graph-related properties.

Definition 2.2. (Path in a directed graph) Let G = (N, E) be a directed
graph with N the set of nodes and £ C N x N the set of edges. Let a € N and
b € N. We define a path from a to b as a list of nodes denoted by (n1,ne, ..., ng)
with & > 2 such that n; = a and ng = b and Ycqq,. . -1y (14, ni11) € E).

A path in a directed graph is an ordered list of nodes, such that for every
node in the list, there is an edge to the next node in the list. Note that we define
a path to contain at least two nodes.



Definition 2.3. (Pre-set and Post-set) Let G = (N, F) be a directed graph
and let n € N. We define en = {m € N | (m,n) € E} as the pre-set and
ne={m € N | (n,m) € E} as the post-set of n with respect to graph G. If the
context is clear, the superscript G may be omitted, resulting in en and ne.

Using the pre- and postset of a node, we indicate which nodes have an edge
to or from that node respectively.

2.2 Instance graphs

As stated in the introduction, we use a multi-step approach where we first gener-
ate models of instances and then aggregate these instance models into an overall
process model. For this purpose each process instance is not described by a sim-
ple sequence of events but as a directed graph. In every process, there is a set
of tasks that has to be executed. Whether or not a specific task is executed,
and if so, how often, completely depends on a specific instance of a process. For
example an insurance claim handling process can contain a rule that in case of a
claim that exceeds a specific amount, a manager has to check the final decision
before sending it to the customer. However, if we look at a completed process
instance, we know that for all those choices, a certain decision was made. As
a result, there is no need to visualize any kind of choice in the representation
of a process instance, i.e. every split/join is an AN D-split/join. This implies
that it suffices to use a normal directed graph. We call such a representation an
instance graph and each node in that graph represents the execution of a task
in the process.!

Fig. 3. Aris PPM Fig. 4. Aris PPM

As indicated in the introduction, tools such ARIS PPM (IDS Scheer, [15]),
Staffware SPM, and InConcert (TIBCO) generate instance graphs. Figures 3
and 4 show screenshots of Aris PPM. Each of the two figures depicts an instance

! In spite of some subtle differences, instance graphs are similar to runs [9] also known
as occurrence nets or partially ordered Petri net processes, cf. Section 8.



graph of an insurance process. Both instance graph are represented in terms of so-
called instance EPC. Besides tools such as ARIS PPM directly providing instance
graphs, it is also possible to obtain instance graphs via an analysis of “raw” event
logs (e.g., transaction logs, audit trails, etc.). For a more detailed description of
instance graphs and how they can be generated from a event logs, we refer to [11].
However, we do not limit ourselves to the algorithm presented [11]. Instead, we
define an instance graph in a generic way. This explains the term “multi-phase
process mining”, instead of “two-phase process mining”. Generating instance
graphs from log files can be done in multiple phases.

Definition 2.4. (Instance Graph) Let T be a set of tasks. We define IG =
(N, E,T,l) as an instance graph over T where:
1. N # () is the set of nodes.
E C N x N is the set of edges
T is a set of tasks.
l: N — T is a labeling function, mapping nodes onto 7.
The graph (N, E) is a-cyclic, i.e. for all paths (n1,...,ng) : n1 # ng.
V(a,pyer(a,b) is the only path from a to b.

N o e N

Va.penl(a) = 1(b) implies that there is a path from a to b or from b to a.

Definition 2.4 shows that instance graphs consist of four parts. IV is a set of nodes
that represent all task-executions that appeared in that instance. The labeling
function [ is a function that maps the task executions in IV onto tasks that were
specified in the information system. Note that there can be multiple executions
of the same task, which means that several elements of N will be mapped onto
the same element in 7. Also, not all elements of T need to be mapped, i.e. not all
tasks have to appear in a process instance. Using a set of edges F, we represent
causal relations between task executions, i.e. an edge represents the fact that
tasks appeared as a result of the execution of another task. Finally, there are
three properties that an instance graph has to adhere to:

1. There cannot be any cycles in the graph. A cycle would mean that a task
instance is performed more than once. However, this is impossible, since
it would be the task that is executed twice, resulting in two instances or
ezecutions, and thus, two nodes in the instance graph with the same label.

2. If there is an edge between two nodes, there cannot be another path between
these nodes. The reason for this is that an edge represents a direct causal
relation. If task a would cause task b to execute and task b would cause task
c to be executed, then there is already a causal relation between a and ¢ and
the edge (a,c) would be irrelevant.

3. Two executions of the same task cannot appear unrelated. There must be
a direct or indirect causal dependency between the two. This property is
necessary for the aggregation process and realistic in practice where multiple
executions of the same task typically result from a loop.



Figure 5 shows a collection of three instance graphs, where the nodes are rep-
resented by their labels. Note that we use an abstract example rather than real
life instance graphs such as the ones shown in figures 3 and 4.
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Fig. 5. Example set of instance graphs.

As we stated before, the labeling function [ provides the actual task that
belongs to a task execution. For our convenience we define the same labeling
function on a set of task executions.

Definition 2.5. (Label set) Let IG = (N, E,T,l) be an instance graph. For
S C N we define I(S) = U,cq{l(5)}

We have now defined how a process instance can be described by an instance
graph. These instance graphs have an interesting property with respect to the
labeling function. These properties will be used later in the aggregation process.

Property 2.6. (Instance graph properties) Let IG = (N, E,T,l) be an
instance graph. For n € N:

— |ne|=|l(ne)], i.e. all nodes in a postset have different labels.

— | en| =|l(en)], i.e. all nodes in a preset have different labels

Proof. From the definition of a label set, it is obvious that |n e | > |l(ne)|. It
remains to be proven that |n e | % |l(ne)|. Assume that |n e | > |l/(ne)|. Then
there exists a mj,ms € ne such that I(my) = I(ms). From Definition 2.4 we
know that there must exist a path (mq,...,ma) in IG (or the other way around,
for which the proof is symmetrical). Since m; € ne there also exists a path
(n,mq,...,ms). However, since (n,msy) € E this violates the sixth requirement
in Definition 2.4. Therefore, |n e | = |l(ne)|. For | e n| = |l(e(n)| a similar proof
holds. ]

In this section, we have described a formalism to describe process instances
in terms of instance graphs. When deploying a system like ARIS PPM [15],
this would be the first step of the implementation phase. Using these instances,
already basic performance metrics could be calculated. However, in this paper
we are interested in the process of aggregating process instances. Therefore, we
will show a way to generate a description of a whole process using an algorithm
to aggregate a set of instance graphs.

3 Aggregation

In the previous section, we described the result of the first phase (or phases) in
multi-phase process mining. This result can be obtained using tools like ARIS



PPM (IDS Scheer, [15]) or InConcert (TIBCO), or by applying our algorithm
presented in [11] to a simple event log. However, we like to point out again,
that we do not limit the aggregation algorithm to any specific way of generating
instance graphs, as long as Definition 2.4 is followed.

In this section, we look at the the final phase. This phase consists of aggre-
gating a set of instance graphs. This aggregation allows us to find a description
of a set of instances, instead of just one instance. The reason for doing that is
twofold. First, it can be of help when monitoring performance. For example it
could be possible to give a model for all cases that involved a certain amount of
people. This could be useful to indicate whether the amount of people involved
influences the throughput time. On the other hand, using the same technique, it
is possible to generate a description of all instances, which is the goal in process
mining in general.

Since an instance graph shows causal relations between executions of tasks,
and an aggregation graph will show relations between the tasks themselves, we
need to take an intermediate step, by defining a projection graph for each in-
stance. Then, we will make an aggregation over these projections.

3.1 Instance graph projections

The first step in the aggregation process is projecting task executions in instance
graphs onto tasks. Formally, an instance graph is projected onto its label set
and the result is a new graph, where each task that was executed in the process
instance is represented by a single node. Note the difference between a node
for each task-erecution in an instance graph and a node for each task that was
ezecuted in a projection graph. Furthermore, in the projection we introduce a
fictive start node and a fictive final node.

Definition 3.1. (Instance Graph Projection) Let /G = (N, E,T,l) be an
instance graph. We define I1(IG) = (N', E’,T,l') as the projection of this in-
stance graph onto 7" such that:
— N’ =T U/{ts,ts} is the set of nodes, where {ts,ts} NT =0 Aty # ty.
— E'={(l(a), (b)) | (a,b) € E}U
{(ts,1(b)) | bEN A &b=0}U
{(l(a),ty) | a € N Aa's’= 0} is the set of edges.
—U': NNUFE' — IN where
- for all a € T we define I'(a) = #aen(l(d') = a)
V() = ) = 1
- for all (t5,b) € E’ we define I'((ts,b)) =1
- for all (a,ty) € E’ we define I'((a,ty)) =1
- for all (a,b) € E' such that a # t; Ab # ty, we define
I'((a,0)) = # @ pyep (l(a) = aAl(b) =b)
In Definition 3.1 we build an instance graph in such a way that all nodes are

now elements of the set of tasks, or one of the fictive nodes. Furthermore, edges
are constructed in such a way that if two task executions were connected in the



instance graph then the tasks are connected in the projection. Finally, for each
task execution that was not preceded or succeeded by any other execution there
now is an edge connecting the task to the start or final node respectively. The
result is a graph where each node lies on a path from the start node to the final
node. Furthermore, we introduced a labeling function [’ that gives the number
of times a task was executed (or an edge was taken) in an instance. Figure 6
shows the instance projections of the four instances of Figure 5.
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Fig. 6. Set of instance projections.

Let us now consider some interesting properties of instance projections and
investigate their relations with instance graphs. The first property shows that
when making a projection graph, no causality information is lost. In other words,
each path that is present in an instance graph is also present in a projection, if
we look at the tasks and not their individual executions.

Property 3.2. (Projection preserves paths) Let IG = (N, E,T,l) be an
instance graph and let IT(IG) = (N', E', T,l’) be the projection of this instance
graph. Let {n1,..., ng} € N such that (nq,...,ng) is a path in IG. We show
that {n' | J1<i<kl(n;) = n'} € N’ and (I(n1),...,l(nk)) is a path in II(IG).
(Note that k > 2.)

Proof. Follows directly from Definition 3.1. It is trivial to see that all nodes in
the path are respected by the projection. Therefore, we can suffice by proving
that all the edges from the original path are in the instance projection. Assume
1 <4 < k. From the definition of a path we know that (n;,n;+1) is an edge, such
that (n;,n;4+1) € E. From the definition of the projection function, we know that
if (n;,n;41) € F then (I(n;),l(n;+1)) € E’. Since this holds for all ¢ such that
1 < < k, we have shown that (I(n1),...,l(ng)) is indeed a path in II(IG). O

Property 3.2 shows that each path in an instance is still present in its projec-
tion. For an instance graph, we know that every time a node has two outgoing
or incoming edges, this represents a parallel split or join respectively. There are
no choices, since each node represents a task execution and not a task. Clearly
this no longer holds for projection graphs where nodes represent tasks and not
individual executions. Therefore, when making an instance graph projection, we
loose explicit information about parallelism. However, we show that we do not
loose too much information, i.e. multi-choices and true parallelism is still visible
in a projection graph.



In Property 3.3, we give some properties of the labeling function !’. The
labeling function of an instance graph projection represents the number of times
a task is executed in an instance. Furthermore, it shows how often causality
relations caused the execution of a task. For these labels, we again derive some
interesting properties that we need in the aggregation process.

Property 3.3. (Label properties) Let IG = (N, E,T,1) be an instance graph
and let IT(IG) = (N',E’',T,l’) be the projection of this instance graph.
= Y mnerl'((n',m')) <1'(n'), ie. the labels of all outgoing edges at a node
are less or equal to the label of the node.

— Yoen (Z(n,’m,)eE, U((n, m’))) > 1'(n’), i.e. the sum over the labels of all
outgoing edges at a node is greater or equal to the label of the node.

= Vo mnerd'(n/,m")) <1'(m’), i.e. the labels of all incoming edges at a node
are less or equal to the label of the node.

— Voen: (Z(n,m,)eE, U((n, m’))) > l'(m’), i.e. the sum over the labels of all
incoming edges at a node is greater or equal to the label of the node.

Proof. Let us first consider the first property. Assume that the opposite holds,
i.e. there exists an (n',m’) € E’ such that I'((n’,m)) > U'(n’). We will show
that this leads to a contradiction. If n’ = t; (or m’ = ty), then it is easy to
find this contradiction because I'(n') = 1 (or I'(m’) = 1) and I'((n/,m’)) = 1.
Therefore, we may assume that n’ # t; and m’ # t;. Using Definition 3.1
we know that I'((n/,m’)) = #@myer(l(n) = n' Al(m) = m’). The assump-
tion I'((n/,m’)) > U'(n’) can only hold if 3,,, m,en(l(m1) = l(mg2) = m' A
(n,my1) € E A (n,mz2) € E). However, this violates Property 2.6. Therefore,
Vi mirem () < V().

Let us now consider the second property. Assume that the opposite holds,
i.e. there exists an n’ € N’ such that (Z(n,’m,)eE, l'((n',m’))) <1l'(n'). Again
we will derive a contradiction. Let @ = {n € N | l(n) = n’}. From Definition 3.1
we know that |Q] = I'(n’). We can partition @ into two subsets Q; and Qa, such
that Q1 = {n e Q| |n'e | =0}and Q2 = {n € Q| |n's | > 0}. It is clear
that Q1 N Q2 = 0 and Q = Q1 U Q2. We can now express a lower bound on
> mrmyer U'((n/,m")) based on the cardinalities of @1 and Q2. From Defini-
tion 3.1 we know that for all elements ¢; € Q1 there exists (I(g1),t5) € E’ such
that I’((I(q1),tf)) = 1. Furthermore, for all elements go € Q2 there exists at least
one m € g 's such that (I(qz),1(m)) € E'. Note that therefore I'((1(g2),1(m))) >

1. Since Q1 N Q2 = 0, we know that (z(n,m,)eE, l’((n’,m'))) > 101 + Q-
However, we know that |Q1|+|Q2| = |Q| = I'(n’). Therefore we have shown that
(S amye V(0 m)) = (')

The remaining two properties can be proven in a similar way. O

Using the properties from Property 3.3, we derive three properties that show
that the type of branching at a task can still be derived from a projection graph.



These properties will be used in Section 4 in order to determine which types of
connectors should be used in the translation to an EPC.

In Property 3.4 we show that if one task execution in an instance graph never
directly precedes more than one other task execution in the same graph, then
this has to be an exclusive choice.

Property 3.4. (Exclusive choices can be found in projections) Let IG =
(N, E,T,!1) be an instance graph and let IT(IG) = (N', E’,T,l’) be the projection

G

of this instance graph. For all n € N such that |n'e | = 1 with I(n) = n/ and
Vimenntem=n (1€ | = 1) holds that (3 s V(' m))) = ().
m’en’ e

Proof. Let n € N be such that [n's’ | = 1 with I(n) = n’ and Ve NAL(m)=n’
(lm '&" | = 1). From Definition 3.1, we know that I'(n') = #menl(m) = n'.
Let Nowt = {m € N | Jamyerl(a) = n'}. Since Ve naim)=n' (IMm =1,
we know that |Nyy:| = I'(n’). For all (n’,m’) € E’, we know that I'((n’,m’)) =
#(n.m)eN, .. [(m) = m’. Obviously, this implies that <Zm’€n’n(£c) U((n, m'))) =

().

|

In Property 3.5 we show that if the execution of a task sometimes directly
precedes the execution of more than one other task, then this is still visible in
the projection graph.

Property 3.5. (Multi-choices can be found in projections) Let IG =
(N, E,T,1) be an instance graph and let I (IG) = (N’, E', T, ') be the projection
of this instance graph. For all n € N such that [ns’ | > 1 and I(n) = n’ holds

that (X e (0 m) ) > 1),

Proof. Let n € N be a node such that |[n's’ | > 1 and n’ = I(n). If n is the only
node in the instance graph with label n’ then the property holds, since I’(n’) =1
and (Z UG l’(n',m’)) = |n's’ | by definition.
m'en’ e

If there exist other nodes with label n’ then we partition them into two sets:
Ny = {Tll e N | l(?’ll) =n' A |’I’L110G | > O}andN2 = {Tll e N | l(’l’Ll) =n'A |n110G
| = 0}. Note that n € N;. Since Ny N Ny = (), we know by the definition of the
projection that I'(n’) = |Ny| 4+ |Nz2|. Furthermore, from that same definition,

G
we know that (Zm/e e l’(n”m’)) =Y e (Im )+ Y npen, (1) The
second term here comes from the fact that the nodes in N are final nodes.
Therefore, in the projection they get exactly one outgoing edge to t¢. Since we
know that [ny s | > 0 for ny € Ny and [n's’ | > 1, we can conclude that
Y onien, (Im ) > |Ny|. Hence, we deduce that (Z e l’(nﬂm’)) >
3 m'en’ e
|N1|+|N2‘ :l'(n’). O
The final property is stronger. We show that if a certain task execution always

directly precedes the execution of the same set of other tasks, then this remains
visible in the instance graph projection.



Property 3.6. (True parallelism can be found in projections) Let IG =
(N,E,T,!l) be an instance graph and let IT(IG) = (N',E',T,l’) be the projec-
tion of this instance graph. For all n’ € N': V paal'((n',m)) =1 =
m’en’ e
(Vnen  Un'S) =n/"7) v{ts} =n/ "7
l(n)=n’

Proof. For the proof we have to consider three cases. In each case we assume
that the left hand side of the implication holds and prove that the right hand
side also holds.

— Assume n’ = t,. Since there does not exists an n € N such that I(n) = n/

the property holds.

— Assume t; € n' "%, Since from Definition 3.1, we know that I'((n’, 1)) = 1.
Hence, I'(n’) = 1. Therefore, there is only one n € N such that I(n) = n'.
This and (n/,ty) € E' implies V,,en (n,m) ¢ E. From this we can conclude

1 IT(IG)

that {ty} =n'""e " and the property holds.

J (1
L]

— Assume that n’ # t; and ty & n/"e?. We assume that there exists an € N
such that I(n) = n/ and I(n's) # ' "G% and show a contradiction. Assume
meN, mgn's I(m)=m'and m' € n/ "¢, Since I'((n,m")) = I'(n),
we know from Definition 3.1 we know that there must exist three nodes
ni,mi,me € N such that [(ny) = n’ and [(my) = I[(m2) = m’ and (ny1,m;) €
E and (nq,mz) € E. Since I(my) = l(m2), we know that there exists a path
(mq,...,ma) (or the other way around). Furthermore, (n;,ms) is a path
from n; to mo. However, combining the two violates the sixth requirement in
Definition 2.4 leading to contradiction. Therefore, Ve N l(nI.G) =n/ "9,

l(n)=n’

O

Note that properties 3.4 through 3.6 also hold for their symmetrical counter-
parts, i.e., considering input sets rather than output sets.

3.2 Aggregating projections

In Section 3.1, we transformed an instance graph into an instance graph pro-
jection. This is an important first step in the aggregation process, since we can
aggregate two instance projections, while we cannot aggregate instance graphs.
Furthermore, we have derived properties for instance graph projections with re-
spect to the labels of nodes and edges. These properties will prove essential in
the process of translating the aggregation graph to an EPC. In this section, we
give an algorithm to generate an aggregation graph. This graph is a summation
over a set of instance graph projections. Therefore, the set of nodes is simply
the union set of all instance graph projections.

Definition 3.7. (Aggregation graph) Let T be a set of tasks and let S be
a set of instance graphs over T. Let II be a function giving instance graph
projections. We define a(S) = (Ng, Es,lg) to be the aggregation graph over S
such that:



— Ns =Urges N, i.e. the set of nodes.
II(IG)=(N,E,T,l)

— Es =Urges E, i.e. the set of edges.
II(IG)=(N,E,T,l)
— For all n € Ng U Eg we define lg(n) = > rges I(n), where we

I(IG)=(N,E,T.l)
assume that [(n) =0ifn g NUE.

In essence, the aggregation graph is the straightforward sum over a set of instance
graph projections. Note that each instance projection contains the start node
ts and the final node t;. Therefore, the aggregation graph also contains these
unique nodes t; and ¢ in such a way that ¢, is the only source node and t; is
the only sink node. The labels represent the number of times a task is executed
or a causal relation is present in some instance graph.
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Fig. 7. Labelled aggregation graph.

Figure 7 shows the resulting aggregation graph after aggregating the instance
graph projections of the example in Figure 6.

Now we extend some of the results for projections to aggregation graphs (cf.
properties 3.3 through 3.6). Note that the labels in the aggregation graphs will
later serve as a basis for the conversion of an aggregation graph into an EPC.
Using these properties, we will show that no information is lost in the aggregation
process.

Property 3.8. (Label properties) Let T be a set of tasks and S is a set of
instance graphs over T. «(S) = (Ng, FEg,ls) is the aggregation graph over S.

— Y mersls((n',m’)) <ls(n'), i.e. the labels of all outgoing edges at a node
are less or equal to the label of the node.

— Varens (Z(nlvm/)eEs ls((n’,m’))) > ls(n’), i.e. the sum over the labels of
all outgoing edges at a node is greater or equal to the label of the node.

= Vnrmnersls((n',;m')) < ls(m'), ie. the labels of all incoming edges at a

node are less or equal to the label of the node.

— Yuens (Z(n’,m’)GEs ls((n’,m’))) > lg(m'), i.e. the sum over the labels of
all incoming edges at a node is greater or equal to the label of the node.

Proof. Proving these properties can be done by using Property 3.3 and simple
induction over S. a



Similar to Property 3.2 we show that every path in some instance graph is
still a path in the aggregation graph. This property reflects the fact that the
resulting graph actually represents each instance graph.

Property 3.9. (Aggregation preserves paths) Let T be a set of tasks and
S is a set of instance graphs over T. «(S) = (Ng, Eg,lg) is the aggregation
graph over S. For all IG = (N, E,T,l) € S and {ny,...,nx} C N such that
(n1,...,ng) isapathin IG: {n' | J1<i<kl(n;) =n'} C Ng and (I{(n1),...,1(ng))
is a path in «(S5).

Proof. Follows directly from Property 3.2 and Definition 3.7. From Property 3.2
we know that if {ny,...,ng} € N such that (ni,...,ng) is a path in some
instance graph IG € S then (I(n1),...,l(ny)) isapath in II(IG) = (N', E',T,l’)
and {n’ | J1<i<kl(n;) =n'} C N’ . From the definition of aggregation we know
that N’ C Ng and E' C Eg. Therefore we know that {n’ | J1<;<xl(n;) =n'} C
Ng and (I(n1),...,l(ng)) is a path in a(S). O

Similar to instance graph projections, we show that in an aggregation graph
it is possible to find the type of branching at a node. For this, we introduce three
properties, similar the properties 3.4 through 3.6. First, we show the aggregative
counterpart of Property 3.4, i.e. exclusive choices can be found in aggregation
graphs.

Property 3.10. (Exclusive choices can be found) Let T be a set of tasks and

S is a set of instance graphs over T'. «(S) = (Ng, Eg, lg) is the aggregation graph

over S. If for some node ng € Ng holds that > asy ls((ng,m)) = lg(ns)
mens o

then for all elements IG € S, where IG = (N,E,T,l) holds that
\VlneN ‘TLI.G | S 1.
l(n)=ng

Proof. If ng = ty then the property holds, because t; ¢ I(N). Therefore,

assume ng # ts. Furthermore, assume that there exists a IG € S, where

IG = (N,E,T,l) and n € N with I(n) = ng, such that |n's’ | > 1. We prove

by contradiction that this is not possible. II(IG) = (N’, E',T,l’) is the projec-

tion of IG. From Property 3.5 we know that > ., TGO U'((ng,m)) > 1'(ng).
men L]

Furthermore, from Property 3.3 we know that fors all instance graphs IG’,

> naen U'((ns,m)) > I'(ng). Using Definition 3.7 we can now conclude
e o

m ns
that > as Ls((ng,m)) > lg(ng). This yields contradiction. O
me ns o

Besides exclusive choices, it is possible to find true parallelism as well. Prop-
erty 3.11 shows this for the aggregation graph, similar to Property 3.6 for pro-
jection graphs.

Property 3.11. (True parallelism can be found) Let T be a set of tasks

and S is a set of instance graphs over T. «(S) = (Ng, Eg,lg) is the aggre-

gation graph over S. For all n’ € Ng and IG € S, where IG = (N, E,T,l):

(v wols((n',m')) = lg(n’)> = ((vneN I(n'S) =n'" ) v {t;} = n'°*<.s>).
m’en’ e ’

l(n)=n



Proof. We prove this property by induction over the number of instance graphs
in S. Assume that S contains only one instance graph IG. Since a(S) = IT(IG)
in that case, we have proven in Property 3.6 that this property holds. Assume
that we have a set of instances S such that for «(S) the property holds. We will
show that adding one instance IG = (N, FE,T,l) to S, generating a new set 5,
does not violate the property, i.e., we need to prove that the property holds for
S’ = SU{IG} assuming that it holds for S. Consider an n’ € Ng.. If n’ € Ng,
then n’ € I(N) and IG is the first instance graph containing n’. Hence we can
apply Property 3.6. If n’ € Ng, we need to consider two cases:

1. The left-hand side of the implication, i.e., V asls((n,m) = lg(n')
m’en’ e
holds for S. If n’ € I(N), it is easily seen that the property is not violated.
Therefore, assume n’ € [(N). Adding instance IG to S can have two re-
sults. First, V ashls((n',m’)) = ls(n') holds. In this case, we know that
m’en’ e

a(s oG
n' <.>: ! (.)

n and V nual ((n',m')) =1'(n’) holds. Property 3.6 shows
m'en’ o

that therefore, (Voen [((n'&) = n' “¢ )V {t;} = n' °¢ holds for IG.
I(n)=n'
Combining our assumptions we can conclude that the right hand side of the
implication still holds for all instances. Second, V Lsnl'((n',m')) =1'(n)
m’en’ o

does not hold. This is a trivial case, since now the implication still holds.

2. The left-hand side of the implication does not hold of S. This can only be
the case if there is some m’ € Ng, such that Ig((n’,m’)) < ls(n'). Using
Property 3.3 it is easily seen that adding an instance will never result in
ls((n',m")) =lg(n’). Therefore, the implication still holds.

This concludes the proof by induction. ]

Note that for instance graph projections, we also defined the multi-choice as
a branching type (recall Property 3.5). Obviously, this is the case when the type
of branching is neither an exclusive choice, nor a parallel split. Therefore, there
is no need to derive this property for aggregation graphs separately. Note that
properties 3.10 and 3.11 also hold for their symmetric counter parts (input sets
rather than output sets).

After aggregating a set of instance graphs into an aggregation graph the
result has to be visualized. Although the aggregation graph as shown in Figure 7
contains all the information needed, it is still hard for a human to understand.
Therefore, we translate the graph into a format that is more intuitive. The
modeling language we use here is called Event Driven Process Chains (EPCs).
The choice for EPCs is based on the fact that it is a well known concept, and it
allows for all necessary routing constructs.

4 Transformation into EPCs

EPCs are an intuitive modeling language to model business processes introduced
by Keller, Niittgens and Scheer in 1992 [16]. The language was initially not



intended to be a formal specification of a business process [3]. An EPC consists
of three main elements. Combined, these elements define the flow of a business
process as a chain of events. The elements used are:

Functions
The basic building blocks are functions. A function corresponds to an activity
(task, process step) which needs to be executed.

Events
Events describe the situation before and/or after a function is executed.
Functions are linked by events.

Connectors
Connectors can be used to connect functions and events. This way, the flow
of control is specified. There are three types of connectors: A (and), x (xor)
and V (or).

Functions, events and connectors can be connected with edges in such a way
that the following rules apply:

Events have at most one incoming edge and at most one outgoing edge.

Functions have precisely one incoming edge and precisely one outgoing edge.

— Connectors have either one incoming edge and multiple outgoing edges, or
multiple incoming edges and one outgoing edge.

In every path, functions and events alternate. No two functions are connected
and no two events are connected, not even when there are connectors in
between.

In this section, we will transform an aggregation graph as defined in Defini-
tion 3.7 into an EPC. In the labelled aggregation graph, the labels of the nodes
represent the number of times a task is executed in the log. The labels of the
edges represent the number of times an edge is taken in some instance. It is
easily seen that there are three possibilities for the incoming as well as for the
outgoing edges of a node.

1. The sum over the labels of all incoming (outgoing) edges of some node equals
the label of the node. (Recall Property 3.10)

2. All the labels of all incoming (outgoing) edges of some node equal the label
of the node. (Recall Property 3.11)

3. Not all the labels of all incoming (outgoing) edges of some node equal the
label of the node, and the sum over the labels is greater than the label of
the node.

We use these three points to determine the type of connectors we use in the
transformation process to EPCs. These points are symmetrical for ingoing and
outgoing edges at all nodes. Therefore, if we talk about incoming edges, we also
mean the symmetrical case for outgoing edges. Using Property 3.10 and Prop-
erty 3.11, transforming an aggregation graph into an EPC is straightforward and
we only give a sketch of the translation algorithm.



Definition 4.1. (Translation to EPC) Let S be a set of instance graphs and
let AG = (Ng, Eg,ls) be the labelled aggregation graph over S. We define the
aggregated EPC EPC = (Fgpc, Eppc,Cepc, Aepc, lEpc) in such a way that:

— Fgpc = Ng \ {ty} is the set of functions,

— Egpc ={en | n € Ng} is the set of events,

— Cgpc is the set of connectors,

— Agpc is the set of edges,

— lgpc : Cgpe — {and,xor,or} is a function typifying the connectors.

The construction of the set of connectors, the set of edges and the labeling
function of this EPC is defined in Figure 8.

— If 3" (zs) =y then c1 = XOR,
- If vf‘:l('xz) =Y then ¢; = AND’
Else ¢y = OR.

If -7 (%) =y then 2 = XOR,
If V%1 (z;) =y then co = AND,
— Else ¢c2 = OR.

Fig. 8. Transformation rules from graph to EPC (top:start/final nodes, bottom: “nor-
mal” nodes).

Figure 8 defines the transformation of the aggregation graph into an EPC. These
rules are rather straightforward. First, each node n from the aggregation graph
is translated into a combination of an event e, and a function n and an edge
is added in between. Then, the incoming and outgoing edges at all nodes are
transformed into connectors. Note that for connectors that have only one ingoing
or outgoing arc, the type is ambiguous, since both and and zor can be applied.
Therefore, we remove all connectors that have only one ingoing and one outgoing
edge, and replace them with a normal edge. For the initial and final nodes t;
and ty, special rules are made. In Figure 9 the result of this procedure is shown
for the aggregation graph of Figure 7.

An important property of the resulting EPC is that it is indeed capable of
reproducing all original instance graphs. This can easily be seen from the fact
that an EPC is merely a syntactically different representation of a labelled ag-
gregation graph. In Property 3.9 we have show that each path in an instance



Fig. 9. Aggregated EPC.

graph is also a path in an aggregation graph. Therefore, it is also a path in an
aggregated EPC. In properties 3.10 and 3.11 we have shown that the types of
splits and joins can be found in an aggregation graph. Based on these properties,
the transformation into an EPC is made. Therefore, it is clear that for the ag-
gregated EPC the same properties hold. All the instance graphs that we started
with in the first place are executions of the EPC. However, the EPC can allow
for more behavior, especially when or-connectors are used.

Even though we have shown that the aggregated EPC does represent all
instances it is still not the best result possible with this approach. The reason
for this is the fact that or-connectors appear in the EPC. Using the original
set of instances, it is possible that we can be more specific with respect to these
connectors. In order to be able to express this, we will use Petri nets. In Section 5
we will first introduce a naive translation algorithm. Then, in Section 6 we will
restrict the behavior of the Petri net generated to the original set of instance
graphs.

5 Transformation into Petri nets

In this section, we will transform an aggregated EPC as defined in Definition 4.1
into a Petri net. The translation will be naive, which means that we translate
or-connectors into a large set of transitions. The result of this transformation
process will be a Petri net with two types of transitions. The first type of transi-
tions is formed by the so-called visible transitions. These transitions correspond



the functions in the original EPC. The second type of transitions is formed by
the set of invisible transitions. These transitions correspond to connectors in the
EPC. We use a variant of the classic Petri-net model, namely Place/Transition
nets. For an elaborate introduction to Petri nets, the reader is referred to [10,
19,20]. In this section, we will not consider soundness [1,8] of the Petri net.
However, in Section 6 we will show that it is easy to prove that the restricted
Petri net is relaxed sound [8].

Now we present a sketch of the actual transformation from an EPC into a
Petri net. Just as for the translation of the aggregation graph onto the aggregated
EPC, the translation of the EPC onto the Petri net is straightforward. Note
that we do not consider subtle semantical problems of EPCs as discussed in [3].
Instead we use the more pragmatic approach described in [8].

To explicitly state the difference between transitions that correspond to func-
tions and transitions that correspond to connectors, we will split up the set of
transitions 7' into T, (visible transitions) and T;, (invisible transitions). How-
ever, the resulting net can be interpreted as an ordinary Place/Transition net
(P, T, UTy, F).

Definition 5.1. (Sketch of Transformation Algorithm)

Let EPC = (FEP07EEPC» CEpc,AEpc,lEpc) be an EPC. We define the
Petri net transformation of this EPC as PN = (P, T,UT;,, F). The construction
of this Petri net is done in the following way:?

1. Remove all events from the EPC except e;, and e;,, and rebuild arcs.
For all events e € E \ {e;,, e, } we find ny,ny € Frpo U Cgpo such
that {(n1,e),(e,n2)} € Agpc and we change Agpc in the following way:
Agpc = (Appc U{(n1,n2)}) \ {(n1, ), (e,n2)}.

2. Create a visible transition for each function except the function ts. T, :=
Frpo \ {ts}.

3. Create an invisible transition for the function ts. T}, := {ts}.

4. Create a place for each arc. P :={p, | a € Agpc}. Note that here Agpc is
the set created after the changes in the first step.

5. For each and connector in the EPC, create an invisible transition. T3, :=
Tiw U {tc | ce€ Cgpc N\ ZEPC(C) = and}.

6. For each xor connector in the EPC, create a number of invisible transitions.
Ty := Ty U{tcap | ¢ € Cepce Nlgpc(c) = xor A (a,¢) € Agppc A (¢,b) €
Agpc}.

7. For each or connector in the EPC, create a number of invisible transitions.
Tiy =T U {th’W | cE CEpc/\lEpc(C) =or NV C {a|(a, C) S AEpc} A
V#EDN W CH{b|(c,b) € Appc} N W # 0}

8. Update all connections, i.e., construct I’ based on the set of places P, the set
of transitions T, U T}, and the original connections in Agpc. (A complete
formalization of the algorithm is beyond the scope of this paper.)

2 Note that in this paper we only give a sketch of the algorithm. Note that the full
algorithm has been implemented in the ProM framework described in Section 7.



The sketch of the algorithm presented in Definition 5.1 shows the intuition be-
hind the translation. Events are removed from the model since they were artifi-
cially added in the transformation from an instance graph to an EPC and do not
provide information. This does not hold for the initial and final event, since they
are transformed into places. Functions are transformed into visible transitions
and these transitions are connected through places. An exception is made for
the function t,. This function is translated into a invisible transition, since it
does not represent a task in the log file. Furthermore, it is easily seen that the
resulting Petri net has exactly one place with no incoming arcs and exactly one
place without outgoing arcs.

The Petri net we now have generated will allow for all instances to execute
for the same reasons the EPC does. However, it allows for more behavior than
just these instances. The reason for this is in the or split and join connectors. An
or split (join) with k outputs (inputs) allows for 2¥ — 1 transitions but not every
transition will be possible. Moreover, specific splits will need to be matched to
specific joins. Therefore, in Section 6, we will restrict the behavior of the net
to the set of instance graphs it was generated from, by removing some invisible
transitions.

6 Restricting Petri nets to instances

In this section, we will restrict the behavior of an aggregated Petri net by looking
at the instances it was generated from. These instances are mapped onto the
Petri net by playing the “token game”. For each invisible transition is stored,
whether it had to be fired in any of the instances. If this isn’t the case, it will be
removed. In order to decide whether an invisible transition should be removed,
we need to define the in- and out-sets of invisible transitions. These sets represent
the and-join/split that a transition represents.

Definition 6.1. (In/Out sets) Let PN = (P, T, UT},, F) be a Petri net with
visible and invisible transitions. We define in : T, — P(T,) as the function
giving the in-set and out : T;, — P(T,) as a function giving the out-set of an
invisible transition, where (note the recursion/fixpoint)

—in(ty) ={tcT, |[teUsty #0} U Uper,,  in(t)

t'oUet;, £0
— out(tiy) :=={t €T, | etUtye #0} U Uper,,  out(t’)
ot'Ut;, 04

Informally the in and out-set of a transition can be explained as follows. If in
some execution sequence transition ¢ fires, then this means that before, all the
transitions in the in-set have fired and as a result all the transitions in the out-
set will become enabled eventually. However, after the firing of the transitions in
the in set and before firing the transitions in the out set, there can be firings of
other invisible transitions. More about these semantics can be found in [2], where
the invisible transitions are referred to as “silent transitions”. Since the invisible
transitions introduced in the conversion of an EPC belong to a connector that is



either a split or a join, either the corresponding in-set or out-set has cardinality
one respectively.
Using in and out sets, we can restrict the Petri net.

Definition 6.2. (Restricted Petri net) Let S be a set of instance graphs and
let EPC = (Fgpc, Erpc, Cepc, Appc,lppc) be the aggregated EPC over S
(Definition 4.1) and let PN = (P, T,UT},, F') be the Petri net translation of EPC

(Definition 5.1). We define the restricted Petri net as PN, = (P, T, UT/,, F') as
follows:
— T, ={t € Tiw |3(v,ET)es INcN  Inecn AVnien, (n1,n2) € E},

I(N1)=in(t) 1(Nz2)=out(t) na€Na
~ F =FN((PUT, UT,) x (PUT, UT,)).

Definition 6.2 removes invisible transitions that do not appear in any instance
graph. See Figure 10 for PN, based on the running example. Note that these
transitions will always be translations of or-connectors. The reason for this is
that for each and connector, there is only one invisible transition and Prop-
erty 3.11 shows that this transition is present in at least one instance. For zor
connectors, there are multiple transitions, but from Property 3.10 we know that
they all appear in at least one instance. For or-connectors, it is clear that we
do not remove too many transitions. In other words, we do not introduce places
without input or output arcs. Furthermore, by definition, every invisible transi-
tion that is not removed is fired in some instance.
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Fig. 10. Aggregated Petri net based on Figure 7 restricted to the instances.

Without proof we mention that the resulting Petri net is relaxed sound [8],
i.e., for every transition there is a sound firing sequences leading from the initial
state (token in source place) to the final state (token in sink place). Note that
the resulting Petri net is not (strongly) sound [1] because of or-joins that do not
follow or-splits. By only looking at the sound firing sequences (i.e., restricting
the behavior based on relaxed soundness, cf. [8]), we get an ezecutable semantics
for the aggregated EPCs and therefore also for the aggregation graphs. This was
exactly the goal of our multi-phase mining approach. Based on event logs we
derive an executable process model.



7 Tool support

Process mining has many applications in industry. However, for the different
techniques to be useful in industry, good tool support is essential. The work
presented in this paper is supported by two tools. In this section, we briefly
discuss both tools. The main difference between the tools is that one of them is
freely available, while the second is a commercial tool. Moreover, the latter tool
focuses on performance analysis and the generation of instances rather than the
construction of an aggregated process model and it requires deep knowledge of
the process under consideration.

7.1 The ProM-framework

The ProM-framework is a framework for the implementation of process mining
techniques. The tool has been developed at the Technical University of Eind-
hoven and is freely available from www.processmining.org. The tool provides
support for a large number of process mining plug-ins at different levels. It con-
tains for example a component for the mining of social networks. It provides a
standard way for working with different models such as Petri nets and EPCs as
well as components for the automatic layout of these models. The algorithms pre-
sented in this paper are available in the ProM framework under the name “Multi
Phase mining plug-in”. Figure 11 shows a screenshot of the Prom-framework,
showing the same EPC as Figure 9, only with a different layout.

Fig.11. The ProM-framework. Fig.12. The ARIS PPM client.

7.2 ARIS Process Performance Monitor

The ARIS Process Performance Monitor (PPM) of IDS Scheer is a commercial
tool for business process monitoring. The idea behind ARIS PPM is very similar
to the algorithms presented in this paper. In ARIS PPM, every case is repre-
sented as a so-called instance-EPC (cf. instance graph). These instance-EPCs



can be aggregated into an aggregated EPC in a similar way as described here.
However, this is not the main feature of this tool and the rules used are quite
different. The main focus of ARIS PPM is on the analysis of the performance of
processes. It can make nice graphical representations of all kinds of properties
on a case level, but also on an aggregated level. Figure 12 shows a screenshot of
the ARIS PPM client.

ARIS PPM can be considered to be the primary motivation for the research
presented in this paper and we expect that some of the ideas presented in this
paper will be adopted by ARIS PPM. In fact, IDS Scheer is currently in the
process of adding some functionality of the ProM-framework to ARIS PPM.

8 Related work

Existing approaches for mining the process perspective [4-7,14,18,22] are fun-
damentally different from the approach presented in this paper, i.e., they only
use one mining phase (other than things like user-assisted process mining). It is
impossible to give an overview of the work op process mining. Instead we refer
to [4,5] which present an elaborate overview of process mining literature.

For the readers familiar with Petri net theory, it is important to discuss the
relation between this work and the work on regions [13] and the work on runs
[9]. Process mining is quite different from constructing a Petri net on the basis
of regions because our notion of completeness is much weaker than the typical
assumption when using regions (i.e., a complete transition system) [13]. For
process mining one assumes that the log contains only a fraction of the possible
behavior. Furthermore, it is important to mention that instance graphs can be
seen as runs [9] also known as occurrence nets or partially ordered Petri net
processes. However, runs are typically generated from a Petri net rather than
used to construct a Petri net. Another problem is that approaches such as the
one described in [9] typically link places in the run to places in the original Petri
net. When mining event logs there is no information about places. Nevertheless
it is interesting to further investigate the relations between multi-phase mining
and synthesis problems in Petri nets.

As indicated in the introduction, a short version of this paper has been sub-
mitted to the International Conference on Conceptual Modeling (ER 2005) [12].
However, in [12] the formal proofs the translation to Petri nets are missing.

9 Conclusion

In this paper, we introduced an algorithm to aggregate a number of instance
graphs. An instance graph can be seen as the representation of an execution
of a business process for a single case. Such an execution may have concurrent
paths, but cannot contain any choices. Commercial products such as ARIS PPM
show that it is interesting to inspect instance graphs. However, at the same time
there is the desire to aggregate sets of instance graphs. In this paper, we have
defined an algorithm to support this. From a set of instance graphs, we first



build an aggregation graph. We provided translations for this graph into the
well-known modeling language of EPCs. One of the most interesting results of
our efforts is that the resulting EPC actually represents all instances. Moreover,
we can prove that for the resulting model a deadlock-free, executable semantics
exists for the model. Via the translation to EPCs, we can also aggregate instance
graphs into a Petri net. The translation allows for too much behavior. However,
by restricting the Petri net or assuming relaxed soundness as a control semantics,
the “abundance of behavior” can be removed.
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