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Abstract. Information systems play an important role in realizing business pro-
cesses. Process mining uses event logs produced by information systems to construct
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the models of business processes. Then, the business process model can be used to
verify and improve business processes. To represent a changing business process,
some structures of the process model need to be replaced with other structures.
However, existing model repair methods do not consider replacing the structures
of the process model. This work proposes a logical Petri net-based approach to
repair models based on the order relations among activities. First, we construct
two relation sets of an event log and a process model, respectively. Comparing
the two relation sets, the differences between a process model and an event log are
collected in a deviation set. According to the deviation set, the model is repaired
by constructing concurrent structures. Finally, we perform some experiments to
illustrate the effectiveness and correctness of the proposed approach. The results
show that the proposed method produces a more precise and simpler repaired model
compared to state-of-the-art methods.

Keywords: Business process, process mining, logical Petri nets, model repair, con-
current structures

1 INTRODUCTION

Business process become more and more complex due to the development of in-
formation systems. To understand business processes, we can model and analyze
them by extracting information from systems [I], 2]. Process mining is based on
process model-driven methods and data mining. It establishes two connections,
one is between a process model and a business process, and one is between the
business process and its data. It can discover, verify, detect, and improve business
processes’ models based on the information contained in event logs [3]. Process
discovery [3], conformance checking [4], and process enhancement [5] are its three
objectives.

Process discovery techniques use event logs to automatically construct process
models. Researchers have proposed some process discovery algorithms in recent
years. For instance, van der Aalst et al. design an « algorithm [6], which can
build models according to the order relations among activities. However, it can-
not effectively obtain a model containing repetitive activities, invisible transitions
or some complex structures. Therefore, many variations of « algorithm have been
designed. For example, a# algorithm proposed by Wen et al. [7] can mine invis-
ible transitions. «++ algorithm in [§] can mine non-free choice structures effec-
tively. And Weber et al. propose a framework for analyzing process mining algo-
rithms [9].

The qualities of a mined process model can be measured in four metrics: fit-
ness, generalization, simplicity, and precision [3, 10]. Fitness requires a model to
replay traces (a finite sequence of activities) in event logs. Generalization allows
the process model to contain some activities that happen in the future. Simplicity
denotes that the model that can replay all traces in event logs should have a small
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net size. Precision requires that the occurrence of activities that are not contained
in the event logs is not allowed in a process model.

Conformance checking compares a model with an event log to check whether
a model is consistent with a real-life business process. Replaying the event log on
the model, it finds the differences between them. Therefore, we can detect where
the process model needs to be changed by conformance check techniques. Existing
conformance checking approaches are mainly alignment, footprint comparison, token
replaying [3], and mirroring matrices.

Process enhancement uses event logs generated by an actual business process
to improve or expand an existing model. When an original process model cannot
represent a changed business process correctly, one solution is to build a new model
using some process discovery algorithms [0l [7, 8, @]. However, the new model of-
ten has low similarity to the original one and loses the original one’s advantages.
A better solution is to repair the original model such that it can accurately repre-
sent the business process and replay event logs. In this paper, we introduce model
repair, which is a new process enhancement technology. When a process model
does not correctly replay event logs, it needs to be repaired according to the re-
sults of conformance checking. The repaired model can preserve the sub-model that
can replay event logs. Therefore, the similarity between the two models can be
ensured.

Currently, several methods for repair have been proposed. For example, Fahland
and van der Aalst [I1] (called the FA-method in this paper) detect all differences
(called deviations in this paper) between a process model and an event log based
on optimal alignments. A non-fitting sub-log can be collected according to the
results of alignments. To replay the non-fitting sub-log, it constructs a correspond-
ing sub-process, and adds it to a suitable position of the original model. Besides,
a loop that can replay a non-fitting sub-log can also be discovered. The method is
the first study of the model repair technique. It ensures that the repaired model’s
fitness value is high. Polyvyanyy et al. [I2] mainly consider limiting the consump-
tion of resources when repairing process models, and put forward several methods.
For instance, the G-method repairs the model by performing two types of opera-
tions: skipping an activity or adding a new activity as a self-loop in the model.
This method can also guarantee a high fitness value of the repaired model. How-
ever, the methods in [IT], 12] add sub-processes or self-loops to the model, which
can generate repetitive transitions and make the model complex and redundant.
Other recent model repair methods [I3), 14, [I5, 6] focus on some special struc-
tures or cases. Sun et al. [I3] design an approach to repair workflows based on
mirroring matrices. It firstly identifies model deviation domains by comparing mir-
roring matrices. Then, the model is changed by inserting new activities into the
actual process. Qi et al. [I4] put forward an approach to repair choice struc-
tures of models. First, they detect all deviations between an original model and
an event log based on extended alignments. Then it inserts new branches into
the model’s choice structures. In [I5], some methods are proposed to add bridges
among different choice branches. Not only can activities on the same choice branch
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be replayed by the repaired model, but also activities on different branches can be
replayed. A method for repairing process models with selection structures is pro-
posed in [I6]. According to the relationship between the input and output places
of a sub-model, the deviation position is determined by a token replay method.
Then, some algorithms are designed to repair the process models based on Petri
nets.

Some changes to a business process easily tend to allow activities to be executed
concurrently, which were not studied in the past. Therefore, the related structures
in such process models may need to be replaced, such as changed choice struc-
tures or sequential structures to concurrent structures. The model repair methods
in [13, 14, 15, 6] have good results for some special structures or cases, but they
cannot replace the structures in the models. Other existing Petri net-based model
repair approaches [IT], [12] usually add invisible transitions or self-loops to models.
They do not guarantee a high simplicity and precision of the repaired model. Be-
sides, the order relations among activities in event logs may not be represented
correctly by the repaired model. To solve the above problems, this work for the first
time proposes a model repair method to replace choice or sequential structures with
concurrent structures. Logical Petri nets (LPNs) [I7, [18, [T9] are an advanced type
of Petri nets that can help make models simpler and more precise and accurately
represent real business processes. Here, the repaired model is described by LPN.
The LPN-based repaired model can correctly depict activities’ relations, i.e., an ac-
tual business process can be correctly described. This work makes the following
contributions:

1. We construct a log order set to record activities’ relations in an event log, and
a model order set to collect transitions’ relations in a process model. Then, a new
conformance checking method is introduced to detect all deviations between
a process model and an event log.

2. According to the deviation set, two LPN-based methods are designed to repair
the original model. Choice and sequential structures in the model can be changed
to concurrent structures by these two methods.

3. Simulated experiments are conducted on the data of the treatment process of
tumor patients in a hospital. The results of experiments show the proposed
methods’ effectiveness and correctness.

The rest of this paper is organized as follows. Some basic notions about the
process models, Petri nets, and logical Petri nets are introduced in Section 2 Sec-
tion [3] proposes a new conformance checking method to detect deviations between
an original model and an event log. Section {4] proposes two LPN-based model repair
methods that can change choice structures and sequential structures to concurrent
structures, respectively. Section [5] conducts some experiments. Section [f] gives a
conclusion about this work.
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2 PRELIMINARIES

Petri nets [20, 21], 22}, 23], 24, 25] can describe and analyze the information systems
with concurrent, asynchronous, distributed, and uncertain properties. LPNs [17] as
a kind of advanced Petri nets can improve models’ simplicities and precisions. This
section briefly introduces their definitions [I8, 19, 26, 27, 28 29, B0], event logs,
process mining [3, B, BT], and process models [32].

Definition 1 (Sequences). Let A be a set. A sequence u over A is denoted as
u = (u[l],u[2],...,u[n]), where |u| = n is the length of u, and u[i] € A (1 <i < n)
refers to the i*® element of w.

Definition 2 (Multiple sets). Let A be a set. A function D: A — N is called
a multiple set over A, where N = {0,1,2,...}. Notation B(A) denotes the set of all
multiple sets of A.

Definition 3 (Traces and event logs). Let A be a set of all activities. A* denotes
a finite sequence set on A. A trace o € A" is a sequence of activities. ¢(co) represents
all activities in . An event log L € B(A") is a multiple set of traces.

Definition 4 (Pre- and post-activity sets). Given L € B(A"), Vv € A, we have
Y={w|lweAoeLoli-1=woli]=v1<i<|o|} (1)
W={wlweAoecLoli]=vo[i+1]=w1<iol}, (2)

where *v and v* are the pre- and post-activity sets of v in L, respectively.

For instance, let A’ = {a,b,¢,d} and L' = {01,02} = {{a, b, ¢, ), (a,b,c,e)}. For
be A, we have *¢ = {b} and c* = {d, e}.

Definition 5 (Input and output sets). N = (P,T,F) is a net, where P, T, and
F C (PxT)U(T x P) are the finite sets of places, transitions, and arcs, respectively.
Yy € PUT, we have

‘y={z]|2€TUP,(z,y) € F}, (3)
*={z]|2€TUP,(y,z2) € F}, (4)
where *y and y* are the input and output sets of y in N, respectively.
Definition 6 (Petri net). A Petri net is a four tuple PN = (P, T; F, M), where

1. N=(P,T;F) is a net;

2. M : P — Nis a marking function that defines the number of tokens in p (p € P);
and

3. Transition firing rules are that:
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(a) Fort € T,if Vp € *t: M(p) > 1, M]t), i.e., t is enabled at M; and
(b) If MJt), then M[t)M’, i.e., t can be fired and a new marking M’ yields
from M, where

M(p)_L pe.t_t.a
M'(p) =< M(p)+1, pet—"°t,. (5)
M (p), else.

A block-structured Petri net includes four structures: choice, sequential, loop,
and concurrent structures [32]. It contains an original place p, € P and a final place
pr € P, e, *p, =0 and p} = 0. Vy € TU P is on some path from p, to py.

Definition 7 (Process model). PM = (PN, X\, M,, M) is a process model, where
1. PN= (P, T;F, M) is a block-structured Petri net;

2. & T — AU{r} is a function that matches a transition to an activity, and 7
denotes an invisible transition; and

3. M, is the original marking, and M/ is the final marking.

Figure 1. A Process model PM;

In this paper, we only consider process models. For illustration, we use activities
to describe transitions. A process model PM; is shown in Figure [[] where p; is an
initial place and pg is a final one.

Definition 8 (Complete firing sequence). Given a process model PM = (PN, )\,
M,, M;), a transition sequence s € T* satisfying M,[s)M; is called a complete
firing sequence. The set Spy records all complete firing sequences in PM.
Definition 9 (Logical Petri net). LPN= (P,T;F,I,0, M) is called a logical Petri
net, where

1. P is a finite set of places;

2. T =T;UTpUTy, is a finite set of transitions, and V¢t € Ty NTp: t* N °*t = (),

where

(a) T; represents a set of logical input transitions, V¢ € T}, the logical input
function fr(t) restricts *¢;
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(b) To denotes a set of logical output transitions, V¢ € Tp, the logical output
function fo(t) restricts *t;
(¢) Tp denotes a set of ordinary transitions as defined in Definition [6}

w

. FC(PxT)U(T x P) is a finite set of arcs;

e

. I maps a logical input transition to a logical input function, and Vt € T}, we
have I(t) = f;(¢);

5. O maps a logical output transition to a logical output function, and V¢ € Tp,
O(t) = fo(t);

. M: P — {0,1} denotes a marking function, and Vp € P, M(p) denotes the
number of tokens in p;

(=)

7. Transition firing rules are that:

(a) Vt € Ty is enabled only if f;(t)|y = oTs, M[t)M’, where M'(p) =0 if p € °t,
M'(p)=1ifpet® and M'(p) = M(p)if p ¢ t*U°t;

(b) Vt € Tp fires only Vp € °t satisfies M(p) = 1, M[t)M’, where M'(p) = 0 if
p[°, fo(t)|m = T is satisfied by Vp € t*, and M'(p) = M(p) if p ¢ t* U *t;
and

(¢) Vt € Tp, it has the same firing rules as those in Petri nets.

Similarly, Sppxn is a complete firing sequence set of LPN.

Logical Petri nets is an extention of classical Petri nets where the firing of
an input transition is restricted by the tokens of its input places which satisfy
a logical expression of the input places, while the firing of an output transition
restrict the generated tokens of the output places which satisfy a logical expres-
sion. A logical Petri net denoted by LPN is shown in Figure , where a is a log-
ical input transition, c¢ is a logical output one, and others are traditional ones.
I(a) = pa A (p1 ® p3) represents the logical input function of a. There are two cases
before a fires:

1. both p; and ps contain a token;

2. both ps and ps contain a token.

The logical output function of ¢ is O(c) = pg V p7. There are three cases after ¢ is
fired:

1. only pg contains a token;

2. only p; contains a token; or

3. both pg and p; contain a token.
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Lay=p-n(p1®p3) O(c)=ps\p7

VT\ Y

[l _/ ¢
Ps

Figure 2. A logical Petri net LPN;

3 DEVIATION SET

As an actual situation changes, a business process may be changed to reflect the
changed situation. For new event logs generated by a real business process, the
original model needs to be checked if it can replay these new event logs. Then we
can confirm whether a process model is consistent with its current business process or
not. In this section, a new conformance checking method of collecting all deviations
between a process model and event logs is proposed.

3.1 Order Relation Sets of Event Log and Model

To accurately describe activities’ order relations in an event log, we give the following
concepts ground on [33], 34].

Definition 10 (Added order relations). Given an event log L € B(A*), Va, 8 € A,
we have
1. Adjacent relation: o > fonly if 3o € L, 1 <i < |o|: ofi] = a and o[i + 1] = f;
2. Causal relation: o — 3 only if 3a > 3 and A8 > «;
3. Choice relation: a x J only if Vo € L: a € (o) and S ¢ ¢(0), and vice versa;
4. Classic concurrent relation: «||8 only if 301,00 € L: @ > fin 07 and > « in
09; and
5. Logical concurrent relation: a V b only if Jo1,09 € L: «f|8, o3 € L: « € ¢(03)
and 8 ¢ ¢(o3), and vice versa.

Definition 11 (Log order set). Given L € B(A*), R, = {a ® Sla, f € A} is called
a log order set, where ® € {—, X, ||, V} represents the order relation based on L
between « and S.

According to Definition [T} we can get a log order set of L denoted by Ry.
VL € B(A*) and «, § € A, there are four possible relations between « and f:
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a— B, axp, allf, or aV B. Among them, o — § is a causal relation, i.e., « is
followed directly by 3, but g is never followed directly by o in L. o X  is a choice
relation, i.e., o and f are not included in the same trace. «|3 is a classic concurrent
relation, i.e., « is followed directly by g in one trace, and g is followed by « in
another trace. aV [ is the logical concurrent relation, i.e., there exists three traces
01,02,03 € L, we have «f| according to traces oy and o3, and only one of « and
is contained in os3.

According to Definitions [I0] and [IT], Algorithm [I]is used to collect the activities’
order relations in an event log.

Algorithm 1: Compute Log Order Set
Input: An event log L € B(A*)
Output: The log order set of L represented by Ry
R=0, R; = 0;
for Vo € L: o; € &(0) where 1 < i < |o| do
if Q; > Qg ¢ R, then
R=RU {Oéi > Oéi+1};
end for
for a > g € R, if there is no § > a € R, then
Ry, = Ry U{a — B};
end for
for Vo € R: if a € ¢(0) and § ¢ ¢(0), and vice versa, then
R;, = RpU{a x B}
end for
fora>p € Rand f>a€ Rdo
if Vo € L: o € ¢(0) and S € ¢(0), then
R, = Ry, U{a||B};
elseif 3o € L: o € (o) and S ¢ ¢(0), and vice versa, then
RL:RLU{CK\/B};
end for
return R

© ® N O A W N =

e e T o o T T
® I o Gk W N = O

Algorithm [1] first initializes R and Ry at Step 1. According to Steps 2-5, all
adjacent relations among activities in L can be found. Steps 6-8 collect all causal re-
lations. Steps 9-11 are used to collect all choice relations. According to Steps 12-14
and 15-17, we can collect all classic and logical concurrent relations in L, respec-
tively. Finally, the log order set Ry, is obtained to record all activities’ order relations
in L.

Here, the execution process of Algorithm [I]is illustrated by the following exam-
ple. Let Ly = {01, 09,03,04, 05,06, 07, 08,09, 010, 011, 012} = {{a,b,e,q), {(a,¢, [, g),
<a7d7g>7 <a7b,e,c, fvg>7 <(l,b7C76, f7g>7 <a’7b7 G, fvevg>7 (a,c, bvev f7g>7 (a7c, b7 fvevg>7
{a,c, f,b,e,q), {a,b,e,d, g), {a,b,d, e, g), {a,d,b,e,g)}, then the log order set of L,
is Ry ={a—ba—ca—db—=ee—gc—ff—gd—gexddxf,bV
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e, bVd,bV f,eVe,dVeeV fi.

The added order relations can also be used to find relations among transitions
in the corresponding model. According to Definitions [I0] and [[I] and Algorithm [T}
the order relation set of a process model is defined as follows.

Definition 12 (Model order set). Given a process model PM = (PN, A\, M,, M),
and a complete firing sequence set Spa of PM. Ry = {t; ®' t;]t;,t; € T} is called
a model order set, where ® € {—, x,||} denotes the order relation based on Spys
between transitions ¢; and ;.

We now define the order relation set of LPN.

Definition 13 (Logical model order set). Given a logic Petri net LPN = (P, T} F,
I,0,M), and a complete firing sequence set Sppy of LPN, Rpy = {t;®t;|t;, t; € T}
is called a logical model order set, where @ € {—, x, ||, V} denotes the order relation
based on Sppy between transitions ¢; and ¢;.

Note that, Petri nets cannot describe logic concurrent relations among transi-
tions correctly. The process model PM; depicted in Figure [I] has three complete
firing sequences: s; = (a,b,e,q), s2 = (a,¢, f,g), and s3 = (a,d,g). Then we can
obtain the model order set of PM; according to Algorithm : Ry ={a = ba—
c,a—>db—ee—>gc— fi,f >9,d—=>gbxebxdbx fiexd,cxedxe,dx

frex f}.
3.2 Deviations Between Model and Event Log

Ry records all activities’ order relations in an event log, and Ry, records all tran-
sitions’ order relations in a process model. Comparing Ry with R, all deviations
between a process model and an event log can be found. Thus, we have the following
definition to compute these deviations.

Definition 14 (Deviation set). Given a model order set Ry and a log order set
Ry, Rp is called a deviation set containing three types of elements

Lifa®pBeR,a® Be€ Ry, and ® # @, a® Bla® B € Rp;
2. ifa®pB € Ryand a® B¢ Ry, and a® 5|0 € Rp; and
3. ifoz®ﬁ¢RL and a ® S € Ry, ®|a®’B€RD.

Ifa®p e Ry, a®' 8 € Ry, and ® = &', i.e., the order relation between o and
B in L is same as in PM, we do not add any element to Rp. In this paper, Rp(a)
represents the number of elements containing a in Rp, and Agp denotes the set of
activities contained in Rp.

We can see that the differences between R and R, are collected by Rp. From
the above definition, there are three reasons when a model PM does not conform
to an event log L:
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1. some activities’ order relations in L are different from those in PM;
2. some activities’ order relations in L cannot be depicted in PM; and
3. some transitions’ order relations in PM do not appear in L.

We compute the deviation set according to Algorithm [2} It can find all deviations
between an original process model and an event log.

Algorithm 2: Deviation Computation Algorithm
Input: Rp and Ry,
Output: The set of deviations denoted by Rp

1 RD = (Z);

2 for Va® 8 € Ry, do

3 if Ja, B, such that a @' f € Ry and ® = ®’, then

4 RD = RD

5 else if Ja, 8 such that a ®' f € Ry and ® # &', then
6 Rp=RpU{a®p|ac B}

7 else

8 RD:RDU{Q®5|®};

9 end for

10 for Vo ®' 8 € Ry do

11 if B, B such that o« ® B8 € Ry, then
12 RD:RDU{®|OL®/6};

13 end for

14 return Rp

Algorithm [2]is described as follows. Rp is initialized by Step 1. Steps 2-13 add
elements to Rp. Finally, the set of deviations between L and PM can be obtained.

We now give an example to illustrate Algorithm 2] According to the above
examples, Rp; = {bVclbx e, bVdlbxd, bV flbx f,cVelexe,dVeldxe,eV flex f},
where RDl(b) = 37RD1(C) = Q,Rpl(d) = 2,RD1(6) = S,Rpl(f) = 2, and ARDI =
{b,c,d,e, f}. According to Rp1, all deviations between L; and PM; can be found.
Next, we repair a model according to a deviation set.

4 CONSTRUCTING AND USING CONCURENT STRUCTURES
TO REPAIR MODELS

With the business process changing or being updated, a process model may not
replay new event logs correctly. When the corresponding model cannot depict some
activities’ order relations in event logs, some structures in the model need to be
replaced with other structures such that a repaired model can accurately describe
activities’ relations. Before repairing the model, we need to identify deviation ac-
tivities in Rp.
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Definition 15 (Deviation activity). Let Rp be a deviation set between L and PM.
a € Agp is called a deviation activity if V8 € Arp: Rp(a) > Rp(B).

The structures which have transitions corresponding to deviation activities need
to be changed. As an actual business process is updated, some activities can oc-
cur concurrently now, but not in the past. We then give a repair method if the
transitions corresponding to deviation activities are in sequential or choice struc-
tures, while these activities in event logs have logical concurrent relations. Thus,
these structures in the model should be repaired to concurrent ones. We propose
two algorithms to respectively change choice and sequential structures to concurrent
ones.

4.1 Model Repair for Choice Structures

Some activities in an event log show logical concurrent relations after a real process
changes or is updated. These activities can be concurrently executed. However, only
one of these activities can fire in an actual model, i.e., these activities are part of a
choice structure. At this time, we should repair the model by changing the choice
structure to a concurrent one.

Now, we use Algorithm [3|to repair the model, and it can change choice structures
to concurrent ones.

Algorithm [§] changes choice structures to concurrent ones. LPN' is initialized by
Step 1. According to Steps 2-3, Rr, Rur, Rp, and R}, can be obtained. According
to Steps 4-6, Ya V § | @ x B € R}, if the input sets (output sets) of o and g do
not have the same element, we compute R}, = R}, — {aV 3 | a x 8}, i.e., removing
aVp|axpffrom R YaV | ax € Rj, it has the following three cases:

1. If @ and B have the same input sets, i.e., *a = * and a® # 3°, then we execute
Steps 8-17. Rp(a) > Rp(B) denotes that « is a deviation activity. At this
time, *(*B) is considered to be a logical output transition. According to Steps
10-11, we delete some original arcs, and insert some new arcs and places into
the model. The logical output function of *(*f) is computed by Step 12. Steps
13-16 are similar to Steps 9-12;

2. If a and B have the same output sets, i.e., a® = §* and *a # °*f3, then we execute
Steps 18-27; and

3. If *a="*p and a® = °, Steps 28-30 are executed. Finally, PM is repaired to
LPN'.

Theorem 1. Let L be an event log, PM = (PN, A, M,, M) be a process model,
and LPN' = (P, T"; F',I',0', M’) be a logical Petri net repaired by Algorithm [3|
VYaV g | axp € Rp, if Rp(a) > Rp(B), then *a = *F (a®* = 5°*) in PM and
‘o #°f (a® # ) in LPN'.
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Algorithm 3: Choice Structures-based Model Repair Algorithm

Input: A process model PM and an event log L
Output: The repaired model LPN' = (P',T'; F',I',O', M")
1 LPN' =PM
2 Executing Algorithm |1 to compute Ry, and Ryy;
3 Executing Algorithm |2 to compute Rp, and R}, = Rp;
4 for Va Vv fla x 8 € Rp: if *a # *5 or o® # (°, then
5 Rp=Ry—{aVplaxp}; //aVp|laxpmeans aVfin Ry, ax fin Ry;
6 end for
7 for Va vV fla x g € R, do // aV Bla x B is the same as 8V |8 X «;
8 if (*a="*f and a® # (3*), then
9 if (Rp(a) > Rp(B)), then

10 P =P U{ps} and ps = *o;

11 F=F —{8—=alU{*(*f) = ps,ps = a};
12 O =0"U{0'(*(*B)) =BV ps};

13 else

14 P’ =P U{ps} and p, = *5;

15 F=F —{a— ptU{*("a) = ps,ps = B};
16 O =0"U{0(*(*a)) =*aV ps};

17 end if
18 else if (a®* = B°* and *a # *3), then
19 if (Rp(«) > Rp(B)), then

20 P'= P'U{p:} and p; = a*;

21 F=F —{a—-p}tu{a—p,p— (B°)}
22 I'=TU{I'(B*)*) = B°Vp:};

23 else

24 P'= P 'U{p} and p; = %

25 Fr=F —{p—=aU{B = p.p — (a*)};
26 I'=ru{l'((a*)*) =a®*Vp};

27 end if

28 else if (*a="*f and a®* = 3°*), then
29 Go to Steps 9-16 and 19-26;

30 end if

31 end for

32 return LPN’

Y. Du, Y. Xu, L. Qi, Y. Liu, Q. Wang, M. Chen
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Proof. For aV 3| a x f € R}y, we have oV 5 € R, and a x § € Ry, according to
Definition [[4 Rp(a) > Rp(B), i.e., a is a deviation activity.

1. Ire Aandz € T: foraxf € Ry, z =*(*a) =*(*F),andIp e P: p="a="p
in PM; for aV 3 € R,z =% =*3in L. Because a V B|la x B € R}, a new
place ps (ps = *«) is added between « and x. Thus, *S # *« in LPN’.

2. Jec Aande e T: foraxff € Ry, e = (a*)* = (6°*)*, and Jp' € P satisfies p’' =
a®=f*in PM;foraV B € Ry, ,e=a*=*in L. Because aV Bla x 3 € R},
a new place p; (p; = a®) is added between « and e. Thus, 5* # a® in LPN'.

O

We illustrate Algorithm 3] by an example. The event log L; is mentioned above.
The process model denoted by PM; is depicted in Figure [[I Now, we repair PM;
according to Ly, and the repaired model based on the proposed method is depicted
in Figure 3] This model only adds two arcs and two places. The repaired model
based on the method [I1] is shown in Figure [} To replay event log Ly, this method
inserts ten arcs and five invisible transitions into PM;. Figure [5] shows the model
repaired based on the method [12]. Comparing Figures [1] and , it can be seen that
the repaired model is added twelve arcs and six repetitive transitions. Both models
(Figures E| and [5)) are much more complex than ours (Figure [3]).

Figure 3. The repaired model based on our method

4.2 Model Repair for Sequential Structures

After a business process changes, some activities can be executed sequentially and
concurrently. Therefore, we need to replace the sequential structure with a concur-
rent one in the original model. To solve this problem, we design Algorithm [

Algorithm [4] changes sequential structures of models to concurrent ones. LPN"
is initialized by Step 1. We can get R;, Ry, and Rp according to Steps 2-3.
Steps 4-6 delete some original arcs from F”. According to the different elements
in Rp, Steps 719 insert new arcs and places into the model, and compute logical
functions. Finally, PM is repaired to LPN".
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Figure 4. The repaired model based on the method [11]

Theorem 2. Let L be an event log, PM = (PN, A\, M,,, M) be a process model, and
LPN" = (P",T"; F",1",0", M") be a logical Petri net repaired by Algorithm . For
Va—b|0 € Rp,

1. If3gvz|be RporBVz|xz— B € Rp,*Be€P'"—Pin LPN”;
2. fJavVer|a—sxzeRporaVz|DeRp,*Be€ P’ NPin LPN";

Proof. Because a — 3 | 0 € Rp, Ja — S € Ry, and there is no order relation
between a and 8 in Ry;.

1.If3Vz|D e Rpor BV |x— 8 € Rp, then BV € Ry. Ja € A such
that « = *8N*zin L, and 3a € T such that a = *(*z) in PM. After Step 5 of
Algorithm [ *8 = (). Because 3V z, *3U*x = a® in LPN”. Then a new place
Pm (pm = *p) is added between « and §. Therefore, *8 € P” — P in LPN",;

2. IfJavVz |a w2 € RporaVa |D € Rp, thenaVz € Ry 38 € A: B=a*Na?
in L, and 33 € T: b = (2*)* in PM. From Algorithm [l o* Uz* =*3 in LPN".
Because a*(z*) € P and o*(z*) € P”, we have $* € P and $* € P”. Therefore,
3* e P"NPin LPN".

O

We illustrate Algorithm [] with an example. For the process model PM, in
Figure [ The event log L, has five traces: Ly = {01,09,03,04,05} = {{a,b,c,d, e),
(a,b,c,e), {a,d,e), {a,d,b,c,e), {a,b,d,c,e)}. The activities in trace o1 can be
executed sequentially in PM,. Other traces cannot be replayed accurately in P M.
According to Algorithm @] we can obtain the repaired LPN-based model that is
shown in Figure [l The repaired models based on the methods in [IT, 12] are in
Figures [§ and [0 respectively. All traces in Ly can be replayed in three repaired
models. It is clear that ours is the most concise.
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Algorithm 4: Sequential Structures-based Model Repair Algorithm
Input: A process model PM and an event log L
Output: The repaired model LPN" = (P",T"; F", 1",0", M")
1 LPN"=PM
2 Executing Algorithm (I to compute Ry and Ryy;
3 Executing Algorithm [2] to compute Rp;
4 forVaVvp|a— € Rpdo
5 "= " {()z' N ﬂ]ﬁ
6
7
8

end for
for Va — 3|0 € Rp do
if (3BVax|0€ RporBValr— B€Rp)and a="*3N* and
a = "*(*z)), then
9 P"=P"U{pn} and p, = *B;
10 F'"=F"U{a = pm, pm — B};
11 0" =0"U{0"(a) = pm V *x};
12 end if
13 elseif(BaVve|a—x€RporaVzlh) € Rp)and 8 =a*Nat and
B = (z*)*), then
14 F'=F'U{a*— 8}
15 I"=1"0U{I"p) =a" Vv
16 end if
17 else
18 continue;
19 end for
20 return LPN"

Figure 6. A Process model PM,
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O(@)=pavp7

Figure 8. The repaired model based on the method [I1]

5 SIMULATION EXPERIMENTS

In this section, we conduct experiments and comparative analysis. Existing ap-
proaches can repair different types of models, e.g., Petri nets [T, 12, 13, 4],
LPNs [15, [16] and BPMN. The most recent model repair methods (e.g., [13] 14 [T5])
focus on special structures and cases. Yet it is inappropriate to compare them with
our approach. Thus, we compare our method with the most representative model
repair methods in [IT), 12]. The one in [I1] is implemented in ProM 6.6, which is
accessible at http://www.promtools.org/prom6/, and the one in [12] is accessi-
ble at https://svn.win.tue.nl/repos/prom/Packages/SelectivePRepair. Be-
sides, the issues that the B-method [16] focuses on are somewhat related to those
that our method focuses on, and we also regard it as one of the benchmark meth-
ods.

Figure 9. The repaired model based on the method [12]
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5.1 Experimental Data and Original Model

We take a treatment process for tumor patients as a case study. The correspond-
ing process model in Figure [I0] is obtained based on the event log which is from
a hospital in Qingdao, China. The following description is about a tumor patient’s
medical process. First, a patient can get an appointment with a doctor network or
other communication methods before s/he goes to the hospital. And s/he can obtain
a reservation number. The patient can also go directly to the hospital for registra-
tion. According to the reservation (or registration) number, the patient is called
in order. Then, the doctor asks about the patient’s symptoms. After questioning
the patient’s conditions, the doctor tells him or her the types of examinations to
take. There are mainly three types of examinations: blood routine, biochemical
full set, and NMR, (nuclear magnetic resonance). During the diagnosis, the doctor
develops the corresponding treatment plans according to the examination results
and patient’s conditions. There are two types of a patient’s conditions:

1. if the patient is not seriously ill, s/he can receive treatment at a medical ward
with medication (e.g., injecting drugs) according to the doctor’s prescription.
The patient can be discharged from the hospital with a period of treatment
observation;

2. if the patient is seriously ill, s/he needs to undergo a surgery. At this time, the
patient is admitted to the hospital and the doctor makes a diet plan for him or
her.

Before the surgery, the doctor performs a preoperative evaluation. The patient does
ECG and laboratory testing in turn. According to the examination results, the
doctor makes a detailed surgery plan for the patient. After the surgery, s/he can be
discharged from the hospital.

At first, for event logs recorded in the medical system, the process model de-
picted in Figure [I0]can replay them correctly. However, with the change of an actual
medical treatment process, some new event logs are generated. The original process
model does not rightly fit these event logs. It means that the corresponding model
cannot represent some activities’ order relations in event logs accurately, and some
structures in the model need to be changed. For instance, it can be found that pa-
tients have more choices for examination. They can do a blood routine and NMR,
or a full set of NMR and biochemical tests. In addition, an ECG can be performed
after laboratory testing, or only one of the ECG and laboratory testing is done for
patients.

To repair the model, we collect 20 event logs (L;-Lgy) through a hospital’s
information system. All the changes mentioned above are contained in these event
logs. The event logs that deviate from the original model seriously are removed
manually because the model repair following these event logs is meaningless. Table[T]
gives these event logs’ primary attributes. Those are the number of traces, the
number of activities, the number of events, and the length of traces. From Table[I]
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we can find that the minimum number of traces is 117, and the maximum number
of traces is 3215. These event logs are available from https://pan.baidu.com/s/
1gxsHPVjaF0xqzgKSFcrcRul

5.2 Different Methods-Based Model Repair Experiments

In this sub-section, four methods, i.e., F-method [I1], G-method [I2], B-method [16],
and our method, are adopted to repair the original process model in Figure[I0] From
Table [T the largest number of traces is recorded in event log Ly, and it may contain
the most all-sided cases. Therefore, Lo is regarded as experimental data to repair
the process model in Figure [I[0] The models repaired by these three methods are
respectively depicted in Figures [T} [[2} [3] and [[4

The repaired model based on F-method is depicted in Figure [[T] To replay all
traces in Lo, this method represents logical concurrent relations by adding invisible
transitions and self-loops. However, this causes some transitions to fires multiple
times. For example, transitions “NMR”, “Biochemical full set”, and “Blood routine”
can be executed multiple times after adding an invisible transition. Besides, four
self-loops about “ECG” in the model can also be executed multiple times. The
repaired model based on G-method is shown in Figure [2] Although this method
can replay all traces in Loy, it adds single transition loop or skips a transition to
the model, and also causes some transitions (e.g, “NMR” and “Laboratory test”)
to be executed multiple times. Figure [I3] shows the repaired model based on B-
method [T6]. However, this method cannot replay all traces in Loy because it cannot
represent logical concurrent relations well. Figure [[4] depicts the repaired model
based on our approach. From this figure, we can find that the repaired model only
adds three places and four arcs to represent logical concurrent relations, and there
is no loop or repetitive transition.

5.3 Model Evaluation

After repairing the model, this sub-section conducts comparison and analysis be-
tween the proposed method and three existing methods, i.e., F-method [I1I] and
G-method [12], and B-method [I6]. According to conformance checking criterion,
we conduct a comparative analysis in three aspects: fitness, simplicity, and pre-
cision. Different amounts of event logs as shown in Table [I] are used to compute
the fitness and precision of each repaired model. Note that, the modeling tools for
LPNs have been developing. Here, we calculate values of precision and fitness of the
repaired model by our method based on and B-method [16] the formulas proposed
in [10].

The comparisons about fitness among them are depicted in Figure [[5 Fitness is
considered to be the foremost indicator to estimate a model’s quality. The model’s
fitness value is 1 meaning that it can fit an event log completely. According to
Figure it is clear that the fitness values of F-method [I1], G-method [12], and
our method are always 1 under different event logs, i.e., the event logs Li-Log can
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be accurately replayed by the three repaired models. Since B-method [I6] cannot
replay these 20 event logs correctly, its fitness value is always less than 1.

Event Logs Traces Activities Events Length
L 117 22 1667 9-16
Ly 233 22 3390 9-16
Ls 319 22 4728 9-16
Ly 421 22 6196 9-16
Ls 516 22 7373  9-16
Lg 615 22 9138 9-16
Ly 734 22 10716 9-16
Lg 825 22 11991 9-16
Lo 906 22 13308 9-16
Lo 1138 22 16473 9-16
Ly 1396 22 20306 9-16
Lo 1527 22 22348 916
L3 1741 22 25650 9-16
Ly 1913 22 28189 9-16
Lis 2138 22 31444 9-16
L6 2347 22 344838 9-16
L7 2566 22 37497 9-16
Lig 2708 22 39452 9-16
Lig 3092 22 45139 9-16
Loo 3215 22 47118 9-16

Table 1. The detailed information about 20 event logs

Figure 10. The original process model of tumor patients’ diagnosis and treatment

Figure [I6] shows the comparisons about precision among them. The higher the
precision value of a model, the fewer traces are generated by the model in addition
to the given traces in event logs. From Figure [I6] it can be found that the repaired
model based on the proposed approach has higher precision values than the repaired
models based on other three approaches. The appearance of self-loops, repetitive
transitions, invisible transitions, and inappropriate logical relations in the models
from the other methods reduces their precision values.
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Figure 13. The repaired model based on the B-method in [I6]

P

7 Routine

observation

Figure 14. The repaired model based on our method
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Simplicity requires that a model which is able to replay event logs should be as
simple as possible. The simplicities of four repaired models are compared based on
the following criteria: the number of added places (|P|), added arcs (|F|), added
invisible transitions (|7|), and added transitions (|T'|). Comparing the models in
Figures [I1] [[2] I3} and [[4] with the original model in Figure [I0] we can get the fol-
lowing results from Table [} the model repaired by the F-method adds four transi-
tions, fourteen arcs, and three invisible transitions; the model repaired by G-method
adds three repetitive transitions, two invisible transitions, and ten arcs; the model
repaired by B-method adds one place and five arcs, but it cannot replay each event
log correctly; and the model repaired based on the proposed method adds three
places and four arcs only.

1 900 00 00 090 00 000000
00 0 O ¢ 0 0 0 00 0 0 v 0

£ ]
]

09 -
——&— The repaired model by our method

P 08 - —+— The repaired model by F-method
2
[ 07 The repaired model by G-method
The repaired model by B-method
0.6
0.5

Ll L2 L3 L4 L5 L6 L7 L8 L9 LI0LI1L12L13L14 L15L16 L17 L18 L19 L20
Event log

Figure 15. The comparisons about fitness between the event logs Li—Lgg and three dif-
ferent methods

0.9
W —&— The repaired model by our method
0.8 k‘_‘/‘/‘\‘_‘/w—‘/‘_‘_‘_‘_‘_r“ —#— The repaired model by F-method

The repaired model by G-method

Precision

0.7
The repaired model by B-method
0.6

0.5

Ll L2 L3 L4 L5 L6 L7 L8 L9 LI0OLI1ILI2L13 L14 L15 L16 L17 L18 L19 L20
Event log

Figure 16. The comparisons about precision between the event logs Li—Lgy and three
different methods
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Model Added |P| Added |F| Added |r| Added |T|
The repaired model based

on our method 3 1 0 0
(ri?eF if);l}:ii model based 0 1 3 4
:_)[‘IllaeG fg:ggi model based 0 10 9 3
OTE% ﬁiﬁ);l}rlzi model based 1 5 0 0

Table 2. The comparisons about simplicity for three different methods

With the business process changing or being updated, some activities in event
logs now can be executed concurrently, but not in the past. Then we should change
some of the model’s structures to concurrent ones. The baselines mentioned above
cannot fit event logs by changing some structures in the model, and they usually
insert invisible transitions, self-loops, or inappropriate logical relations. The pro-
posed method can deal with these situations by changing structures in the model
and adding suitable logical functions. The logical functions of transitions can im-
prove the model’s precision and simplicity, and describe the actual business process
more accurately. Besides, LPN-based models have been applied in many fields, such
as e-commerce and medical treatment [I7].

6 CONCLUSIONS

This work presents an LPN-based model repair approach to describe and represent
a changing business process. Our purpose is to the change model’s structures based
on event logs. Some activities have concurrent relations in event logs, but cannot be
executed concurrently in the model. This study designs methods to change choice
or sequential structures to concurrent ones. First, a deviation set is constructed to
collect the differences between a model and an event log. Then the model is repaired
according to the deviation set. By adding logical functions to the model, the repaired
model can accurately depict a real-life business process. Through a case study, we
compare our method with other state-of-the-art methods. The results show that the
model repaired by the proposed method has higher precision and a smaller net size
than its peers. The proposed approach mainly considers changing models’ structures
to describe and represent the changing business processes accurately. As future work,
we plan to propose some model repair approaches to solve more complex situations
by LPNs. Other monitoring techniques such as predictive business process [35]
should be taken into account.
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