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Abstract. Business processes realized by enterprise information systems are usu-
ally designed and verified in advance by process models. Event logs generated from
such systems can be used to ensure the correctness of the business process. With
the upgrade of systems or changing of customers’ requests, it often appears that
the actual behaviors observed in event logs are not consistent with those in process
models. Process mining techniques are thus used to construct and repair process
models by mining event logs. In this work, we propose a new model repair ap-
proach based on logic Petri nets (LPNs). It can repair a Petri-net-based process
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model containing a loop return structure. According to alignments, relations be-
tween the activities in event logs and the process models are analyzed such that
the deviations can be found. Then, logic expressions of logic transitions are con-
structed and an LPN-based process model is thus constructed. The repaired model
can accurately describe the same processes as the event logs. Finally, some cases
related to a thoracic surgery process in a hospital are given. The correctness and
effectiveness of the proposed approach are illustrated by experiments.

Keywords: Model repair, process mining, process model containing loop return
structures, logic Petri net

Mathematics Subject Classification 2010: 68M20

1 INTRODUCTION

In information systems, business processes are usually designed and verified in ad-
vance based on reliable process models. However, the phenomenon that real business
processes deviate from the models often appears, which has been confirmed in many
studies [1, 2, 3]. Therefore, in order to keep the models consistent with the real
business processes, many process mining techniques have been proposed. There are
mainly three types of process mining techniques: process discovery, conformance
checking, and enhancement.

Process discovery can construct process models (e.g., Petri nets or Business
Process Modelling Notation (BPMN) models) from event logs [4, 5, 6, 7, 8, 9, 10].
The idea is simple: suitable process models that describe the behaviors well are
constructed by mining event logs. However, choosing suitable process models from
such logs is notoriously difficult according to the characteristics of real-life event
logs.

Conformance checking is another type of process mining technique [4]. It com-
pares event logs of the same process with an existing process model. It can verify
if the model conforms to the real business process and vice versa. Three cases may
occur in the process of conformance checking:

1. the process cannot be described by the model where some events in the model
are missed;

2. some events that are not described in the models exist in the logs; and

3. the occurrence order of events in the model is different from those in the model.

Therefore, we need to compare a known process model with event logs generated
by information systems based on the conformance checking. We can measure the
quality of process models based on several metrics, i.e., fitness, simplicity, precision,
and generalization [4]. Fitness refers to whether the models can replay a series
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of events in the logs, which is one of the most critical quality metrics. If such
traces can be replayed by a process model completely, we call that the fitness of the
model is ideal. Simplicity requires process models as simple as possible. Precision
does not allow activities that are not observed in the logs occur in process models.
Generalization refers to that such activities can be reproduced by a model, which
may happen in the future.

As a classical process mining algorithm, the α algorithm [11] is proposed based
on workflow nets [12, 13]. The differences between observed and modelled events
of a model are detected based on conformance checking techniques [4, 14, 15, 16].
There are many extensions of α algorithms. For example, the α# algorithm [17]
is proposed to delete the invisible transitions effectively. However, some process
models cannot be effectively mined by the existing methods. Model repair is a new
type of process mining algorithm. The original models can be repaired based on
model repair techniques, such that they can replay the event logs and hold most
characteristics of the reference models. There are many model repair approaches,
such as Knapsack’s method [18] and Fahland’s method [19], which can be used to
describe the real processes. To ensure that the process model can conform to the
event log, both methods need to add self-loops in the process model. However, lots
of unnecessary traces will be generated, which will significantly reduce the accuracy
of the repaired model. Besides, it will add the mined sub-processes to one place as
loops by collecting some sub-logs, which results in a low precision in the repaired
model if such deviations occur in the alignments between the event logs and the
process models. The repaired models allow many traces that cannot be observed
in the event log. Thus, this study proposes a new model repair approach via logic
Petri nets in order to accurately describe the behaviors in event logs. A loop return
structure needs to be identified and added. It contains a new activity and a loop
body, while the existing approaches cannot identify such structures. The repaired
models that are as similar as the original models can replay the actual processes
well. Our approach can effectively improve the precision and fitness of the repaired
model. This paper has the following contributions:

1. It proposes a method to identify the positions where deviations occur in the
model.

2. It proposes a new model repair approach based on a logic Petri net (LPN) by
identifying the deviations between the models and the logs. Then, a method is
designed to construct the process models containing a loop return structure.

3. It verifies the correctness and effectiveness of our approach by experiments. The
results outperform the baseline methods.

The rest of the paper is organized as follows. Section 2 reviews some important
definitions. Section 3 introduces our approach for constructing and repairing process
models containing loop return structures. Section 4 gives some experimental results.
Finally, Section 5 concludes this work.
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2 PRELIMINARIES

In this section, the concepts of Petri nets [20, 21], workflow nets [12, 13, 22, 23],
alignment [24, 25, 26], and logic Petri nets and some other related concepts are
reviewed first.

Definition 1. Let S be a set. A multiset D over S is a function D : SN+, where
N+ denotes a set of positive integers. B(S) denotes the set of all multisets over S.

For example, S = {r, o, h} is a set; n1 = Ø and n2 = [o, h, o, h, r] are two
multisets over S, where n1 is an empty multiset and for simplicity, n2 is written as
[r, o2, h2].

Definition 2. Let Uc be the set of all activities. Given C ⊆ Uc, σ ∈ C∗ is called a
trace; L ∈ B(C∗) is an event log which contains a set of traces, and Φ(σ) is the set
of all activities in trace σ.

Given an event log L = {⟨h, g, f, o, p2⟩6, ⟨f, g, h, o⟩4, ⟨e, h, d, g, f, p2, o⟩3}, σ =
⟨h, g, f, o, p2⟩ is a trace with Φ(σ) = {h, g, f, o, p2}. 13 cases are included in L, i.e.,
6 cases follow the trace ⟨h, g, f, o, p2⟩, 4 cases follow the trace ⟨f, g, h, o⟩, and 3 cases
follow the trace ⟨e, h, d, g, f, p2, o⟩. There are 6 × 5 + 4 × 4 + 3 × 7 = 67 events in
total.

Definition 3. N = (P, T ;F ) is called a net, where P represents a finite set of
places, T represents a finite set of transitions, and F represents a set of directed
arcs from places to transitions or from transitions to places. For x ∈ P ∪ T ,

•x = {y|y ∈ P ∪ T ∧ (y, x) ∈ F}, (1)

x• = {y|y ∈ P ∪ T ∧ (x, y) ∈ F}, (2)

where •x represents a pre-set of x, x• represents a post-set of x, and •x∪x• represents
the extension of x.

Definition 4. A four-tuple PN = (P, T ;F,M) is called a Petri net, where

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

2. M : P → N+ is called a marking function; and

3. Transition firing rules:

(a) For ∀t ∈ T , if ∀p ∈ •t : M(p) ≥ 1 can be enabled denoted by M [t >; and

(b) If M [t >, t will be fired and a new marking M ′ is generated, denoted by
M [t > M ′, where

M ′(p) =


M(p)− 1, p ∈• t− t•,

M(p) + 1, p ∈ t• −• t,

M(p), else.

(3)
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R(M) represents the set of all reachable markings from M , and M ∈ R(M).

There are four structures in Petri nets, i.e., parallel, loop, sequence and choice
structures. The initial and final transitions are the same in each branch in a parallel
structure of a PN. For convenience, we use tci and tcf to represent an initial transition
and a final transition of a parallel structure, respectively.

Definition 5. Let PN = (P, T ;F,M) be a Petri net and for i, o ∈ P , we have
•i = ∅ and o• = ∅. WFN = (PN, i, o) represents a workflow net where i represents
an initial place and o represents a final place. For ∀x ∈ P ∪ T , there always exists
a path from i to o.

Definition 6. Let σ∈C∗ be a log and PN = (P, T ;F,M) be a Petri net. A move is
a 2-tuple (c, t) ∈ {C>> × T>>} \ {(>>,>>)}, where >> represents no move, C>>

represents all the activities and >> in the log, and T>> represents all the transitions
and >> in the model, where

1. (c, t) is a log move if c ∈ C and t =>>;

2. (c, t) is a model move if t ∈ T and c =>>;

3. (c, t) is a synchronous move if t ∈ T and c ∈ C; and

4. Otherwise, (c, t) is call an illegal move.

Definition 7. Let PN = (P, T ;F,M) be a process model. m′ is a reachable marking
from m if there exists a sequence σ ∈ T ∗ such that m[σ > m′. A sequence σ ∈ T ∗ is
called a complete firing sequence if mi[σ > mf , where mi = {i} is an initial marking
and mf = {o} is a final marking.

Definition 8. Given σ ∈ C∗ and PN = (P, T ;F,M), a likelihood cost function for
different move is denoted by lc : (C>> × T>> → IR), IR represents a set of all
non-negative real values. A move sequence γ∈(C>> × T>>)∗ is called an alignment
between σ and PN, where symbol π1(γ)↓C denotes the move sequence of γ in the
trace and π2(γ)↓T denotes the move sequence of γ in the model. π1(γ)↓C = σ , i.e.,
its move sequence in the trace (ignoring >>) can generate the trace sequence; and
π2(γ)↓T represents that its move sequence in the model can generate a completing
firing sequence of PN. The alignment γ ∈ (C>> × T>>)∗ is an optimal alignment if
∀γ′ ∈ Φσ,PN : Σ(c,t)∈γlc((c, t)) ≤ Σ(c′,t′)∈γ′lc((c′, t′)), where Φσ,PN represents the set
of all alignments between σ and PN.

Next, we illustrate the above definitions with an example.

Example 1. A simple Petri net N1 is shown in Figure 1. Let σ1 = ⟨a, f, c, d, g⟩
be a trace. The optimal alignment between σ1 and N1 is shown in Figure 2, i.e.,
γ1 = ⟨(a, a), (f, f), (>>, b), (c, c), (d,>>), (g, g)⟩, where (g, g) is synchronous moves,
(d,>>) is a log move and (>>, b) is a model move.
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Definition 9. Let Uc be the set of all activities, C ⊆ Uc, and σ ∈ C∗. Let ⊕ =
{⊗,→,⟲,∧} be a set of operators. A process tree denoted by PT is constructed as
follows:

1. c ∈ C ∪ {τ} represents a process tree; and

2. If there are two process trees d and e, then ⊕(d, e) represents a process tree,
where

(a) ∧(d, e) represents the parallel structure of d and e, i.e., the two process trees
d and e need to be fired synchronously;

(b) ⟲ (d, e) represents the loop structure of d and e, i.e., the two process trees d
and e can be fired infinitely and in no order;

(c) → (d, e) represents the sequential structure of d and e; and

(d) ⊗(d, e) represents the choice structure between d and e.

Definition 10. LPN = (P, T ;F, I, O,M) is an logic Petri net (LPN) where P is
a finite set of all places; T = TI ∪TO is a finite set of all transitions with T ∩P = ∅,
T ∪ P ̸= ∅, t ∈ T and •t ∩ t• = ∅, where TI is a set of logic input transitions, and
for ∀t ∈ TI , a logic input function fI(t) restricts the set of input places •t, and TO

is a set of logic output transitions, and for ∀t ∈ TO, a logic output function fO(t)
restricts the output places t•; F ⊆ (T × P ) ∪ (P × T ) is a set of arcs; I is a logic
input mapping: for ∀t ∈ TI , I(t) = fI(t); O is a logic output mapping: for ∀t ∈ TO,
O(t) = fO(t); M :P→{0, 1} represents a marking function, and the number of tokens
in p are denoted by M(p); and transition firing rules are given as follows:

1. If fI(t)|M = .T., ∀t ∈ TI can fire where for ∀p /∈ t• ∪• t, M ′(p) = M(p); for
∀p ∈ t•, M ′(p) = 1; for ∀p∈•t, M ′(p) = 0; and

2. If ∀p ∈• t, M(p) = 1, ∀t ∈ TO can fire where ∀p ∈ t• must satisfy fO(t)|M ′ = .T.
and ∀p /∈ t• ∪• t, M ′(p) = M(p), ∀p ∈• t, M ′(p) = 0.

We present a simple logic Petri net LN1 in Figure 3, where b is the logic output
transition, O(b) = (p3 ∧ p4)⊗ p5, and I(f) = (p6 ∧ p7)⊗ p8. When b fires, it results
in two cases:

1. both p3 and p4 get a token; and

2. p5 contains a token.

When f is enabled, two conditions are satisfied:

1. both p6 and p7 contain a token; and

2. p8 contains a token.

3 CONSTRUCTING AND REPAIRING PROCESS MODELS
CONTAINING LOOP RETURN STRUCTURES

We propose an approach for constructing and repairing the models with loop return
structures based on LPNs in this section. Some relevant definitions will be pre-
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sented first. We then describe our proposed approach, as well as two model repair
approaches.

Definition 11. Given a log L ∈ B(C∗), if a ∈ L, t ∈ T , then η(a, t) refers to the
activity a in the logs corresponds to the transition t in the process models.

When the traces in the event logs contain activities that do not exist in the
model, we need to find out the new activities by projecting the activities in event
logs to the transitions in process models.

A Petri net model N2 with a parallel structure is shown in Figure 4 in Example 1,
and L1 = {⟨c, d, e, f, g, h, a, b⟩, ⟨d, c, b, a, h, e⟩, ⟨d, c, b, a, e, f, g, h⟩}.

A Petri net model N2 is shown in Figure 4. Figure 5 shows the process tree of
N2 denoted by PT1. According to Definition 9, we can get the formal description of
the process tree PT1, i.e., PT1 =→ (a, b,∧(c, d, e), f, g).

Definition 12. Let PN = (P, T ;F,M) and C ∈ Uc is the process tree of PN and
n is a node of PT. If the sub-node set of n is NS and ns ∈ NS, a tuple (tci, tcf ) is
called a concurrent initial-final pair, where n=∧ and ∃n ∈ PT , tci =

• (•(ns)), and
tcf = ((ns)

•)•.
SCIFP denotes all concurrent initial-final pairs in a Petri net, i.e., SCIFP =

{(tci, tcf ) | tci =• (•(NS)), tcf = ((NS)
•)•, ∀n ∈ PT} and n = ∧.

For a process tree, we can give a formal translation from each of the operators to
the Petri net. The process tree provides information about transitions and structures
of the process model. We traverse the process tree to find out the nodes of the
parallel structure. According to the information of all the nodes, we obtain all the
transitions of the parallel structures. Then, we get the initial and final transitions of
all the parallel structures. If there is a node with “∧” in a process model, then there
is a parallel structure in the corresponding process model. We get all the sub-nodes,
e.g., c, d and e are the sub-nodes of the node “∧” in Figure 5. A concurrent initial-
final pair is obtained according to the above definition. Then the set of concurrent
initial-final pairs are constructed by collecting all concurrent initial-final pairs in the
Petri net. We will give the formal definition as follows.

Definition 13. Given an event log L∈B(C∗), and σ ∈ L : o, p∈Φ(σ). We can
obtain the ordering relations between o and p as follows:

1. Direct follow relation >: o > p if σ = ⟨a1, a2, a3, . . . , an⟩, i∈{1, . . . , n−1} : σ ∈ L,
o = ai and p = ai+1;

2. Indirect follow relation >>r: a1 >>r an if ∃a1, a2, a3, . . . , an ∈ Φ(σ) : a1 > a2 >
· · · > an;

3. Choice relation # : o#p if σ∈L:o∈Φ(σ) and p ̸∈ Φ(σ) or p ∈ Φ(σ) and o ̸∈ Φ(σ);

4. Direct casual relation →D: o→D p if σ ∈ L, o, p ∈ Φ(σ) : o > p and no p > o;

5. Indirect casual relation ⇒: a1 ⇒ an if ∃a1, a2, a3, . . . , an ∈ Φ(σ) : a1 →D

a2 →D · · · →D an;
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Figure 1. A simple Petri net N1

Figure 2. The optimal alignment γ1 between σ1 and N1

6. Concurrent relation || : o||p if σ, σ′ ∈ L for o, p ∈ Φ(σ) : o > p and for
o, p ∈ Φ(σ′): p>o.

Definition 14. There are two transitions m and n, and two traces σ, σ′ ∈ L.
m and n are concurrent transitions if n,m ∈ Φ(σ) : n > m and n,m ∈ Φ(σ′) : m > n.

We identify the concurrent structures based on the above definitions. Each
branch of the concurrent structures can be treated as a whole while each branch
may contain other structures. Each branch represents a path from the start place
to the end place of the concurrent structures. By using Algorithm 1 to identify the
concurrent structures, we can get the set of concurrent transitions and the set of
concurrent initial-final pairs.

Figure 3. A simple logic Petri net model LN1
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Algorithm 1: Computation of the set of concurrent transitions SC and
the set of concurrent initial-final pairs SCIFP

Input: PN = (P, T ;F,M), and a non-leaf node of PT represented by Nnl

Output: The set of concurrent transitions denoted by SC and the set of
concurrent initial-final pairs denoted by SCIFP

1 SCIFP ← ∅, SC ← ∅;
2 If (Nnl ∈ ⊕ and Nnl! = ∅ and Nnl = “∧” and NS ∈ Nnl) Then
3 SCIFP ← SCIFP ∪ {•(•(NS)), ((NS)

•)•};
4 Else
5 For all the sub-nodes ns ∈ Ns Do
6 SCIFP (node, PN);
7 SC ← SC ∪ {ns};
8 Return SCIFP and SC .

Next, we give the definition of the projection as follows.

Definition 15. Let ST be a set of transitions, and D ⊆ ST . For σi ∈ D∗, the
projection of σi on D is denoted by σi|D = {t|t ∈ D ∧ t ∈ σi}.

For example, bbaca|{a,b} = bbaa. From Definition 1, we have [e4, f, g3]|{e,g} =
[e4, g3].

Example 2. A Petri net N2 with a parallel structure is shown in Figure 4, and
an event log is L3 = {⟨a, b, c, f, g, h, d, e, f, g⟩, ⟨a,m, b, d, f, g, h, d, e, f, g⟩}. Figures 6
and 7 show the two optimal alignments between N2 and the two traces of L3, which
are denoted by γ2 and γ3, respectively.

There are multiple log moves and model moves in Figures 6 and 7. We see
that two new activities and multiple repeated activities have been added to the
event log L3. There are many deviations in the two traces of the log L3, and it can
be found that the branches of the concurrent structure are repeatedly fired after
a new activity h is fired, i.e., both traces have loop structures. However, Fahland’s
method [19] cannot find this structure and handle the repeated activities correctly.

Next, the alignment of the logic Petri net will be introduced for model evaluation
and analysis. Compared with the traditional alignment, the alignment of LPN is
similar. The difference is the change of logic transition firing rules in the model. We
now give the formal definition below.

Definition 16. Given σ ∈ C∗ and LPN = (P, T ;F, I, O,M). A move is denoted
by the two tuple (c, t) ∈ C>>×T>>\{(>>,>>)}, where >> represents no move in
either the model or the log. A logic alignment γ∈ (C>> × T>>)∗ represents a move
sequence between the model LPN and a trace, where π1(γ)↓C = σ represents that
the move sequence in the trace (ignoring >>) can generate the trace sequence based
on the logic alignments; and π2(γ)↓T represents its move sequence in the model that
can generate a completing firing sequence of LPN based on the logic transition firing
rules.
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Definition 17. Let σ ∈ C∗ and LPN = (P, T ;F, I, O,M), and a likelihood cost
function for different move is denoted by lc : (C>>×T>>)→ IR. A logic alignment
γ∈(C>> × T>>)∗ representing a move sequence between LPN and σ is an logic
optimal alignment if ∀γ′ ∈ Φσ,LPN : Σ(c,t)∈γlc((c, t)) ≤ Σ(c′,t′)∈γ′lc((c′, t′)), where
Φσ,LPN represents the set of all logic alignments between σ and LPN.

Definition 18. Cost function δ: C → N assigns costs to model moves and log
moves, which N represents the set of positive integers. δ(γ) = Σ(c,t)∈γδ((c, t)) can
be used to denote the cost of an alignment γ∈ (C>> × T>>)∗.

There may also be multiple logic optimal alignments in the set of all the logic
alignments. Likewise, the likelihood cost functions for log moves and model moves
are lc(a,>>) = lc(>>, t) = 1, and for synchronous moves, lc(a, t) = 0.

Example 3. An LPN model NL1 is shown in Figure 8, and L4 = {⟨a, b, c, d, e⟩,
⟨a, d, e, e⟩}. Figures 9 and 10 show the two logic optimal alignments denoted by γL1
and γL2.

As shown in Figure 9, the first trace σ1 in L4 can replay the logic model NL1

perfectly, i.e., there is no log move or model move in the alignment. There are
multiple logic optimal alignments based on the second trace σ2 of L4 and the model
NL1, and only one is presented here.

As can be seen from Example 3, the replay of the traces in the event logs needs
to be controlled according to the logic functions of the logic transitions based on
the logic Petri net. In Figure 10, the likelihood cost functions satisfy that lc(γL2) =
lc(a,>>) + lc(>>, t) = 2, and the logic alignment is the lowest cost alignment,
which is a logic optimal alignment. The formal definitions of the loop sub-trace and
the loop sub-log is introduced next.

Definition 19. Let C ⊆ Uc be a set of activities, σ ∈ C∗ be a trace on C, and
PN = (P, T ;F,M) be a Petri net. γ represents an optimal alignment between the
trace σ and the model PN. The loop sub-trace ST is the sequence of many continuous
log moves (ai, >>), . . . , (aj, >>) in the optimal alignment. LST = (ai, . . . , aj), and ai
does not exist in the original model. but other activities have appeared in the original
model. A multiset LSL ∈ B(C∗) can be called a loop sub-log, which represents a set
of the loop sub-traces. The loop sub-log contains the start and end activities of the
loop body.

In the case that there is a loop in the updated log, in order to find the loop
structure more accurately, we first need to collect the loop sub-log. Then, we need
to locate the deviations according to different log moves, and finally repair the model.
In order to collect the loop sub-log, log-based ordering relations need to be obtained
among the activities in the log.

We present a log-based ordering relation determination algorithm, as shown in
Algorithm 2, aimed at obtaining log-based ordering relations and collecting the loop
sub-log, where RL represents the set of all the log-based ordering relationships.
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Figure 4. A model N2 containing a parallel structure

Figure 5. The process tree PT1 of N2

Figure 6. The optimal alignment of σ1 and N2

Figure 7. The optimal alignment of σ2 and N2

Figure 8. A logic Petri net model NL1
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Figure 9. The logic optimal alignment of σ1 and NL1

Figure 10. The logic optimal alignment of σ2 and NL1

In Algorithm 2, steps 8, 10 and 12 are executed in parallel to save time. The
relations are obtained by using Algorithm 2. In Algorithm 3, count represents the
number of traces in the log, σe1 represents the e1 trace in the log, σe represents the
e trace in the log, and σf represents the f trace in the log.

For the event log L3 in Example 2, {(h,>>), (d,>>), (e,>>), (f,>>), (g,>>)}
is a sequence of log moves. Since f and g have been replayed before, we have c||d
and c||e. h is then added to the loop as a new activity that does not exist in the
original model. We construct the loop sub-log as {⟨h, d, e, f, g⟩}.

After collecting the loop sub-log, it is necessary to locate the deviation positions
in order to repair the model. First, we introduce the following definition.

Definition 20. Let C ⊆ Uc, σ ∈ C∗ and PN = (P, T ;F,M). γ represents an opti-
mal alignment between σ and PN. LST is a loop sub-trace, which is a loop sub-log.
For p ∈ P , the set of its preorder places is denoted by Pbef |p = {p|p∈•ti ∧ ti ∈ LSL},
and |Pbef |p| denotes the number of the elements.

Definition 21. Let C ⊆ Uc, σ ∈ C∗ and PN = (P, T ;F,M). γ represents an opti-
mal alignment between σ and PN. If there is any model movement or log movement,
it indicates that there is a deviation, and DL(pi, po) represents the deviation posi-
tions, where pi and po are the initial and end places of the deviation positions,
respectively.

Definition 22. Let L ∈ B(C∗), PN = (P, T ;F,M), γ be the optimal alignment
between L and PN, and Pbef |p be the set of preorder places of p∈P . ∃ai, . . . , aj ∈ LSL,
and PL = {p|p ∈ pbef |p, t ∈• p∧ t /∈ LSL}, if |PL| > 1, PL is called the set of preorder
places of the concurrent structure.

The set of preorder places mainly aims at finding the post-set places of the loop
transitions for the loop structures with concurrent relations. Pbef |p includes all the
pre-set places in the loop sub-log. Next, we give an algorithm to determine the
deviations, as shown in Algorithm 4.
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Algorithm 2: Generation of log-based ordering relations

Input: A complete event log L ∈ B(C∗)
Output: The set RL

1 R←∅, RL←∅;
2 For (σm∈L : mi∈σm, i=1; ; i++) Do
3 R← R ∪ {mi > mi+1,mi >>r mi+j}, j = 2, . . . , |σ| − i;
4 If (v∈σm and w ̸∈σm OR w∈σm and v ̸∈σm) Then
5 RL←RL ∪ {v#w};
6 If (w ̸> v and v > w) Then
7 RL←RL ∪ {v→w};
8 If (w → q and v → w) Then
9 RL ← RL ∪ {v ⇒ q};

10 If (v→w and w⇒d) Then
11 RL←RL ∪ {v⇒d};
12 If (v⇒q and q⇒e) Then
13 RL←RL ∪ {v⇒e};
14 If (v > w and w > v) Then
15 RL←RL ∪ {v||w};
16 Return RL.

Algorithm 4 is to determine the deviation positions. By Algorithm 4, we get all
the post-set places of the loop transition ai. If there is a concurrent structure in the
loop structure, the set of preorder places of the activities in the loop sub-log is first
collected, and then the pre-set transitions of all the preorder places are found. If the
transition is not in the loop sub-log, we need to know the number of the post-set
places of the transition. If it is greater than 1, we know that the post-set places

Algorithm 3: Compute the loop sub-log LSL

Input: The optimal alignment γ between the log L ∈ B(C∗) and the
process model PN , and PN = (P, T ;F,M)

Output: The loop sub-log LSL

1 LSL ← ∅;
2 Traversing the optimal alignment γ, if ai ∈ A, ti =>>, and there are many

continuous log moves {(ai, >>), . . . , (aj, >>)};
3 For (σm∈L : mi∈σm, i=0; ;+ + i) Do
4 If (ai /∈ T, ai+1, . . . , aj ∈ σe1, 1 <= e1 <= count) Then
5 LSL ← LSL ∪ {ai, . . . , aj};
6 Else If (ai+k /∈ σe, ai+k ∈ σf and bi+k ∈ σe, bi+k /∈ σf , 1 <= k <= j − i) Then
7 If (bi+k#ai+k or bi+k∥ai+k) Then
8 LSL ← LSL ∪ {ai+k};
9 Return LSL.
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Algorithm 4: Locating the deviation positions DL(pi, po)

Input: The optimal alignment γ between L ∈ B(C∗) and
PN = (P, T ;F,M), and the set of preorder places of p ∈ P denoted
by Pbef |p

Output: the deviation positions DL(pi, po)
1 DL(pi, po)← ∅;
2 Using Algorithm 3 to collect the loop sub-log LSL, and traverse the optimal

alignment γ, and if ai ∈ A, ti =>>;
3 If (∃{ai, . . . , aj} ∈ LSL, and PL = {p | p ∈ Pbef |p, t ∈• p ∧ t /∈ LSL}) Then
4 If (|PL| > 1) Then
5 pi ← a•i−1, po ← PL;
6 If (ai ̸∈ T and a•i−1 =

• ai+1) Then
7 pi ← p, po ←• ai−1;
8 Else
9 pi ← a•i−1, po ←• ai+1;

10 If (ai ∈ T ) Then
11 pi ← a•i , po ←• ai;
12 For the model move ai =>>, ti ∈ T Do
13 pi ←• ai, po ← a•i ;
14 Return DL(pi, po)← (pi, po).

corresponding to the transition are the pre-set places of the concurrent structure.
All the pre-set places of the parallel structure can be found in this way, and then
the deviations are identified.

In Example 2, Figure 6 shows the optimal alignments denoted by γ2 between
the first trace of L3 with deviations and N2. We see that the loop sub-log based on
the first trace is {⟨h, d, e, f, g⟩}. The deviation position is obtained and denoted as
(p10, (p4, p5)).

Definition 23. Given PN = (P, T ;F,M), tp ∈ T is the preorder transition of t
if p∈•t and tp∈•p. The set of logic preorder transitions is denoted by Tbef |t =
{tp|p∈•t and tp∈•p}.

Definition 24. Given PN = (P, T ;F,M), for t ∈ T , Tbef |t denotes the set of logic
preorder transitions. (AI|t)[m2][m2](m2 = |Tbef |t|) represents the logic preorder
matrix. For 0 <= o, p <= m2, if o ̸= p, then (AI|t)[o][p] = lr(o, p); otherwise,
(AI|t)[o][p] = ∅.

In [27], the logic relation lr(r, c) is defined as follows based on the above defini-
tion:

1. r ⊗ c : Tbef |t allows r or c to be fired when t is fired;

2. r||c : Tbef |t allows both r and c will be fired when t is fired, but they cannot

happen at the same time;
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3. r ∨ c. Tbef |t allows both r and c can be fired when t is fired; and

4. r ∧ c. r and c will be fired simultaneously when t is fired.

I(t) = pl(λ) can be constructed based on the logic preorder matrix (AI|t)[m][m]
(m = |Tbef |t|), and the preorder transition function λ(T ′,AI|t) will be obtained.
Next, we introduce the approach in Algorithm 5 for constructing and repairing the
models with loop return structures based on LPNs.

Algorithm 5: The approach for constructing and repairing the models
with loop return structures based on LPNs

Input: PN = (P, T ;F,M) and the optimal alignment γ between the log
L ∈ B(C∗) and PN

Output: The repaired model, i.e., LPN′′′ = (P ′′′, T ′′′;F ′′′, I ′′′, O′′′,M ′′′)
1 N←−LPN′′′, DL(pi, po)← ∅, LSL ← ∅;
2 Use Algorithm 2 to get RL, use Algorithm 3 to collect LSL and use

Algorithm 4 to get DL(pi, po);
3 If (ai =>>, ti ∈ T and DL(pi, po) = (•ai, a

•
i ) Then

4 T ′′′ ← T ′′′ ∪ τ, F ′′′ ← F ′′′ ∪ {(•ai → τ) ∪ (τ → a•i )};
5 Else if (ai∈A, ti =>>) Then
6 If (∃DL(pi, po) = (p, a•i−1)) Then
7 T ′′′ ← T ′′′ ∪ ai, P

′′′ ← P ′′′ ∪ {p}, F ′′′ ← F ′′′ ∪ {(ai−1 → p) ∪ (p→
ai)} ∪ (ai → a•i−1)};

8 If (∃DL(pi, po) = (a•i ,
• ai)) Then

9 T ′′′ ← T ′′′ ∪ τ, F ′′′ ← F ′′′ ∪ {(a•i−1 → τ) ∪ (τ →• ai)};
10 If (∃DL(pi, po) = (a•i−1,

• ai+1)) Then
11 T ′′′ ← T ′′′ ∪ {ai}, F ′′′ ← F ′′′ ∪ {(a•i−1 → ai) ∪ (ai →• ai+1)};
12 Use Algorithm 1 to get SCIFP and SCT ;
13 If ((tcs, tce) ⊆ SCSEP , tj, tk ∈ SCT and t•cs ==• tj, t

•
cs =

• tk) Then
14 I ′′′ ← I ′′′ ∪ {I(ai) = ∧(a•i−1 ⊗ a•i−1)};
15 O′′′ ← O′′′ ∪ {O(ai) =

• tj ∧• tk, O(tce) = (t•j ∧ t•k) ∨ (∧(Pbef |t
•
ce))};

16 Return LPN ′′′ = (P ′′′, T ′′′;F ′′′, I ′′′, O′′′,M ′′′).

The repaired models containing loop return structures can be obtained by the
aforementioned algorithms. Algorithm 5 consists of some main steps written as
Algorithms 1, 2, 3, and 4. First the set of new activities Anew are obtained. We
then identify the parallel structures, and get the set of concurrent initial-final pairs
SCIFP by Algorithm 1. The relations are obtained by Algorithm 2. We collect
the sub-log LSL by Algorithm 3. Next, the deviations are located by Algorithm 4.
Finally, we construct and repair the models with loop return structures based on
LPNs by Algorithm 5.

Example 4. Figure 11 shows a Petri net modelN3, and L5 = {⟨a, b, d, f, l, p1, d, f, l,
m, o⟩, ⟨a, b, d, f, l,m, p1, d, f, l,m, o⟩, ⟨a, b, d, f, l, p1, e, g, l, n, o⟩, ⟨a, b, d, f, l,m, p1, e,
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g, l,m, o⟩}. Figures 12, 13, 14, and 15 show four optimal alignments denoted respec-
tively by γ4 − γ7 of the four traces of L5 with deviations and the model N3.

We can get the new activity p, the concurrent initial-final pair (a, l), and the
loop sub-log LSL1 = {⟨p1, d, f, l⟩, ⟨p1, d, f, l,m⟩, ⟨p1, e, g, l⟩, ⟨p1, e, g, l,m⟩}. We have
d#e, f#g, and DL(pi, po) = ((p8, p9), (p3, p4)). The model is repaired by using
Algorithm 5 as shown in Figure 16. The repaired models, which are based on
Knapsack’s method [18] and Fahland’s method [19], are shown in Figures 17 and 18,
respectively.

The idea of Fahland’s method is to use an alignment approach for obtaining the
deviations. The existing process mining algorithms are used to collect the sub-logs
and mine the sub-processes. A self-loop structure is added for repairing the sub-
logs. The idea of Knapsack’s method [18] is that an alignment approach is used
to identify the deviations between model moves and log moves. The sub-processes
are mined based on existing methods, and the sub-logs are collected based on these
deviations. The original model adds a self-loop structure for repairing the sub-logs.
Besides, the cost of alignment needs to be considered in Knapsack’s method [18].
Many different repair schemes are compared by setting the cost of log moves and
model moves separately. Knapsack’s method [18] can obtain the ‘best’ model repair
approach by computing the minimum total cost of log moves and model moves.
We know that the repaired model contains no invisible transitions based on Knap-
sack’s method [18]. Besides, the accuracy of the model will be reduced significantly
based on both methods. Table 1 presents a comparison of added elements in Exam-
ple 4 via the three approaches, including the number of added repetitive transitions
(ADC)|T |, the number of added transitions (ATC)|T +τ |, the number of added flow
relations (AFC)|F |, and the number of added places (APC)|P |, respectively.

The model can be repaired by Fahland’s method very poorly, and the method
needs to add many repetitive activities, transitions, flow relations and places. The
repaired model is very different from the original model. Figure 18 shows that many
self-loops are added. Besides, the accuracy of the model will be reduced based on
such methods significantly.

The Knapsack’s method also needs to add many repetitive activities, transitions,
and flow relations in the original model. Figure 17 shows that many self-loops are
added in the repaired model. However, such sub-processes may not be allowed
to repeat in the real process, because many useless traces will generate, and the
accuracy of the model will be reduced significantly.

The total complexity of Algorithms 1, 2, 3, and 4 determine the complexity of
Algorithm 5. In Algorithm 5, the relations between the transitions in the choice
structure are obtained by using Algorithm 2, and the time complexity is O(n); the
loop sub-log LSL is collected by using Algorithm 3, and the time complexity is O(n);
the deviations are located by using Algorithm 4, and the time complexity is O(n);
Step 12 is to use Algorithm 1 to get the set of concurrent transitions SC and the set
of concurrent initial-final pairs SCIFP , and the time complexity is O(n). Thus, we
know that the time complexity of Algorithm 5 is O(n). As a result, it is efficient for
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our approach to construct and repair the models with loop return structures based
on LPNs.

We project the activities in the event logs onto the transitions in the model,
and then the new activities are obtained. We get the log moves and the model
moves based on the optimal alignment. Then, the relation between these different
activities and the new activities are obtained by using Algorithm 2. We collect the
loop sub-log by using Algorithm 3. The deviation positions are located by using
Algorithm 4. The new activities are regarded as the loop return transitions. We
get the places that need to be controlled. The logic input and output functions
are constructed by using Algorithm 5. The actual process can be described by the
repaired model, which is obtained by our approach correctly. The repaired models
are as similar as possible to the original models. The precision and the fitness of
the repaired model are improved by our approach effectively. Therefore, we discuss
the weakness of the existing methods for obtaining process models containing loop
return structures. For this condition, we find out all the loop return transitions.
Then an improved method for repairing such models is proposed.

Figure 11. A Petri net model N3

Figure 12. The optimal alignment of σ1 and N3
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Figure 13. The optimal alignment of σ2 and N3

Figure 14. The optimal alignment of σ3 and N3

Figure 15. The optimal alignment of σ4 and N3

Figure 16. The model repaired with our approach

|P | |F | |T + τ | |T |
Our approach 0 10 4 0
Fahland’s method 6 24 12 8
Knapsack’s method 0 22 13 12

Table 1. A comparision of added elements via the three approaches
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Figure 17. The model repaired with Knapsack’s method [18]

4 EXPERIMENTAL EVALUATION

Some experiments are carried out in this section. Knapsack’s method [18] and
Fahland’s method [19] are used for comparison with our proposed approach. A tho-
racic surgery in a hospital in Tsingtao is used to obtain the process model; https:
//pan.baidu.com/s/1dH1U8SygguNwT80aMYfojg has access to the event logs; and
the Process Mining Toolkit ProM6.6 is available from http://www.promtools.org/

prom6/, which has implemented Knapsack’s method [18] and Fahland’s method [19].
The method proposed in this paper is obtained by manual simulation.

4.1 Experiment Data

A business process about outpatient examination from thoracic surgery in a hospital
is presented as an example. The process model of hospital outpatient examination is

https://pan.baidu.com/s/1dH1U8SygguNwT80aMYfojg
https://pan.baidu.com/s/1dH1U8SygguNwT80aMYfojg
http://www.promtools.org/prom6/
http://www.promtools.org/prom6/
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Figure 18. The model repaired with Fahland’s method [19]
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shown in Figure 19. The main process is described as follows: the doctor checks the
patient’s needs through an outpatient examination. Two types of CT examination
are given as follows: conventional CT and PET-CT. Four types of clinical exami-
nation are presented as follows: gas analysis, blood routine, ESR and biochemistry.
Another one is presented as follows: the contrast examination. The results of the
examination are regarded as a standard to diagnose the patient’s condition and the
diagnosis is confirmed. Finally, the patients start the treatment.

The corresponding process is used to obtain the event logs. The traces of these
event logs that deviate significantly from the process model need to be ignored first.
Table 2 presents the detailed log information.

Log
Log

Total Deviation
Trace Count Length

L1 2 056 7–10 4 523
L2 2 263 7–10 4 807
L3 2 550 7–10 5 029

Table 2. Three groups of detailed log information

4.2 Model Repair Experiments Via LPNs

The repaired models by Knapsack’s method [18] and Fahland’s method [19] are used
as a reference to compare and analyze the effectiveness of our proposed approach in
this subsection. The idea of Knapsack’s method [18] is that an alignment approach
is used to identify the deviations between model moves and log moves. The sub-
processes are mined based on existing methods, and the sub-logs are collected based
on these deviations. The original model adds a self-loop structure for repairing the
sub-logs. Also, the cost of alignment needs to be considered by using the Knapsack’s
method. Many different repair schemes are compared by setting the cost of model
moves and log moves separately. Knapsack’s method can obtain the ‘best’ model
repair approach by computing the minimum total cost of model moves and log
moves. We know that the repaired model contains no invisible transitions based on
Knapsack’s method. Besides, the accuracy of the model will be significantly reduced
based on both methods.

There are some differences in the actual process. After the patients finish the
biochemical full set, they choose the blood routine or the blood gas analysis to finish.
After the patients finish the biochemical full set, they choose the blood gas analysis
but not the blood routine to finish. After the patients finish the blood gas analysis,
the erythrocyte sedimentation rate can be chosen. Therefore, we need to repair this
part. Figures 20, 21 and 22 show the repaired model by Knapsack’s method [18],
Fahland’s method [19] and our proposed approach, respectively.

Compared with the original model, Figure 20 shows that 34 flow relations,
17 transitions, a new transition, and 16 repetitive transitions are added in the re-
paired model. Figure 21 shows that 12 places, 60 flow relations, and 6 invisible
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transitions, 19 transitions, and a new transition, and 12 repetitive transitions are
added in the repaired model. The repaired models obtained by these two methods
have dramatically increased complexity. Besides, the repaired models are different
from the original model. Compared with the original model, Figure 22 shows that
3 invisible transitions, 11 flow relations, and 4 transitions, but no repetitive activi-
ties are added in the repaired model. Thus, our proposed approach can be regarded
as a better approach for constructing and repairing process models containing loop
return structures via LPNs.

Tables 3, 4 and 5 show the experimental results of the three repair approaches,
including added repetitive transition count |T |, added transition count |T + τ |,
added flow relation count |F |, added place count |P |, and the fitness and precision
values, respectively. Figures 23 and 24 show the changes of the fitness and precision,
respectively. An average of the three logs is used as a reference to illustrate the
changes of fitness and precision. Figure 23 shows the fitness of the three approaches.
As the increment of the trace count, the fitness of Knapsack’s method [18] and
Fahland’s method [19] is not as good as that of our proposed method.

As the increment of the trace count, the precision of Knapsack’s method [18] and
Fahland’s method [19] becomes lower and lower as shown in Figure 24. However,
the precision of our approach maintains a relatively high level.

|P | |F | |T + τ | |T | Fitness Precision

L1 0 34 17 16 0.9674 0.8123
L2 0 34 17 16 0.9689 0.8135
L3 0 34 17 16 0.9703 0.8143

Table 3. The result by Knapsack’s method

|P | |F | |T + τ | |T | Fitness Precision

L1 12 60 19 12 0.9563 0.7635
L2 12 60 19 12 0.9582 0.7653
L3 12 60 19 12 0.9603 0.7701

Table 4. The result by Fahland’s method

|P | |F | |T + τ | |T | Fitness Precision
L1 0 11 4 0 0.9825 0.9207
L2 0 11 4 0 0.9877 0.9232
L3 0 11 4 0 0.9903 0.9263

Table 5. The result by our proposed approach
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Figure 19. The process model of hospital outpatient examination

Figure 20. The model repaired with Knapsack’s method [18]
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Figure 21. The model repaired with Fahland’s method [19]

5 CONCLUSIONS

This paper deals with the event logs containing loop sub-traces and obtains the
repaired models that can reproduce such traces. It proposes a new model repair
approach based on a logic Petri net (LPN) by identifying the deviations between
the models and the logs. Then, a method is designed to construct the process
models containing a loop return structure. We project the activities in event logs
onto the transitions in the model, and then the new activities are obtained. We
get the log moves and the model moves based on the optimal alignment. Then, the
relations among these activities, which are required to repair and the new activities
are obtained. The new activities are regarded as the loop return transitions. We get
the places that need to be controlled. Logic transitions in LPN are constructed. The
logic expressions can be constructed based on these logic transitions, which are used
to repair the new models. The repaired models by Fahland’s method and Knapsack’s
method can be used as a reference to compare and analyze the effectiveness of our
proposed approach. As the increment of the trace count, the fitness and precision of
Fahland’s method and Knapsack’s method are not as good as those of our proposed
approach. In this paper, we mainly consider fitness and precision as the criteria to
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Figure 22. The model repaired with our approach

judge whether our method is suitable or not. In our future work, we will conduct
a more comprehensive experimental evaluation with considering other conformance
metrics such as generalization. The main concern in this paper is to obtain the
process models containing loop return structures. More complex structures should

Figure 23. Fitness by experiments
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Figure 24. Precision by experiments

be considered to guarantee that a good repair effect can be obtained by our proposed
approach in the future work. Some other extended Petri nets [28, 29, 30] will be
found in the future for conducting process mining.
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