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Abstract. Processes tend to interact with other processes and operate
on various objects of different types. These objects can influence each
other creating dependencies between sub-processes. Analyzing the con-
formance of such complex processes challenges traditional conformance-
checking approaches because they assume a single-case identifier for a
process. To create a single-case identifier one has to flatten complex pro-
cesses. This leads to information loss when separating the processes that
interact on some objects. This paper introduces an alignment approach
that operates directly on these object-centric processes. We introduce
alignments that can give behavior-based insights into how closely related
the event data generated by a process and the behavior specified by an
object-centric Petri net are. The contributions of this paper include a
definition for object-centric alignments, an algorithm to compute them,
a publicly available implementation, and a qualitative and quantitative
evaluation. The qualitative evaluation shows that object-centric align-
ments can give better insights into object-centric processes because they
correctly consider inter-object dependencies. Findings from the quanti-
tative evaluation show that the run-time grows exponentially with the
number of objects, the length of the process execution, and the cost of
the alignment. The evaluation results motivate future research to im-
prove the run-time and make object-centric alignments more applicable
for larger processes.

Keywords: Process mining - Object-centric process mining - Align-
ments.

1 Introduction

Process mining provides insights into processes by analyzing event data gener-
ated by these processes. When analyzing a process, one standard pipeline consists
of extracting data, discovering a process model, and checking the conformance
of the process with specifications [13]. This paper presents an approach to com-
pute alignments to check the conformance of object-centric processes for which
traditional conformance-checking methods fail to give correct insights.
Traditional process mining approaches depend on the assumption that a pro-
cess is defined by a single case notion meaning that all actions created for one
object define a process execution. Processes in the real world tend not to fit that
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Fig. 1. A process execution of our running examples. Events are associated with objects
of type package (prefix p) or item (prefix i). The process execution describes the partial
order of events induced by the individual objects.
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Fig. 2. Top: De-jure model as an object-centric Petri net. Variable arcs in the model
are marked red. Bottom: The process execution of[Figure 1]is flattened to the individual
objects and aligned to the de-jure model’s subnet of the object’s types.

assumption. An example of that is a typical supply chain process. Supply pro-
cesses are happening on raw materials, production processes on raw materials
and products, shipping processes on products and orders, and payment processes
operating on orders and customers. One execution of the supply chain is not de-
fined by a single object. Real-world processes consist of multiple sub-processes
operating on multiple object instances from various types. These sub-processes
can have synchronization points and long-term dependencies between different
objects.

Recently, approaches have been made to generalize the notion of a process
so that one can describe these complex processes. Those approaches fall under
the umbrella term of object-centric process mining [20]. Object-centric process
mining generalizes traditional process mining techniques such that one does not
follow one object through one process, but multiple objects through multiple,
connected sub-processes. This generalization increases the complexity. In tradi-
tional process mining, one execution of a process is called case and is defined
by a sequence of events [I]. An object-centric process execution is a graph de-
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scribing the partial order between events in different sub-processes [7]. So far, a
fitness notion based on replay has been proposed for object-centric conformance
checking, but the approach is constrained to replayable behavior[5]. However,
process owners are typically interested in aligning observed behavior to modeled
behavior, finding deviations in their execution of the process, i.e., using align-
ments [§]. The notion, calculation, implementation, and feasibility analysis for
alignments on object-centric process mining are, so far, missing.

The running example used in this paper describes a packaging process with
cross-object dependencies. In our example, one process execution refers to mul-
tiple items and one package. depicts a process execution as a graph of
events describing the partial order between item and package objects.
shows an object-centric Petri net [4] of the packaging process. An object-centric
Petri net differs from traditional Petri nets by introducing place types and vari-
able arcs. Tokens are typed and places of one type can only hold tokens of the
same type. Variable arcs can consume an arbitrary amount of tokens. Places are
typed according to either item (green) or package (blue). We, furthermore, col-
ored transitions with the colors of the types that are involved in this transition
for clarity and highlighted the variable arcs with red. In the given process, the
path of the package depends on the path of items and vice-versa. The package
and the items can either be part of a sample order or a product order, but never
both, depending on whether receive sample order or receive product order fires.
Although the objects do not share any more events after the start, their allowed
behavior still depends on whether they belong to a sample or product order.

If a process owner would like to find deviations in their object-centric pro-
cesses today, they would need to flatten [2] the observed process executions and
apply traditional alignments to the object-centric Petri net’s subnets of the same
type. We show this for our example process execution of [Figure 1| in [Figure 2|
If flattened to one trace per object, the three resulting traces get aligned to
the type’s subnet in a way that is not possible in the composed model. As men-
tioned, activity receive sample order and receive product order can never happen
both in one process execution since the de-jure model forces a decision between
product orders and sample orders. But the flattened alignments do not agree on
which activity should happen. The alignment for p1 has receive product order in
the model part whereas the alignments for i/ and 2 have receive sample order
in their model part. As shown by the running example, computing alignments
on object-centric processes requires more than just finding alignments for each
object individually. Aligning the sub-processes for all objects by respecting their
object dependencies creates a computationally complex problem that we tackle
in this paper.

This paper presents four contributions to enable and investigate object-
centric alignments. First, we generalize the notion of an alignment to object-
centric processes. Second, we present an algorithm to compute optimal object-
centric alignments. Third, we implemented our algorithm and make it publicly
accessible as an open-source projectﬂ based on the open-source object-centric

! https://github.com/LukasLiss/object-centric-alignments
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process mining library opcA [6]. Fourth, we evaluate the quality and the com-
putation time of object-centric alignments on real-world event data. Thereby,
we gain insights into the scalability and suitability of the approach.

This paper is structured in the following way. We present related work in
and preliminaries in Then, we define object-centric align-
ments in Our algorithm to compute alignments consists of two parts:
constructing the synchronous product net (Section 5) and finding an optimal
alignment in the synchronous product net We present a qualitative
and quantitative evaluation in and conclude the paper in

2 Related Work

Process mining includes discovery, conformance checking, and enhancement of
business processes [I]. Our approach belongs to the category of conformance
checking, where behavior from the event log is compared to allowed behavior
that is specified by a de-jure model [13]. For traditional processes, there exists a
variety of conformance checking approaches [19]. The majority of them use either
a token-based replay [25] approach, or an alignment [8] approach. Both have been
used to derive quality metrics like precision [9] and fitness [10]. Unlike token-
based replay, alignments are independent of the structure of the de-jure model [g].
Like our calculation, the traditional alignment calculation defined by Adriansyah
et al. uses a two-step algorithm to compute alignments [8]. Adriansyah et al.’s
approach creates a synchronous product net such that finding optimal alignments
relates to finding a shortest path in that net. This is a well-studied problem that
can be solved with the Dijkstra [I6] or A* [I4] algorithm. Different ways to
speed up the calculation have been researched [I8][27]. However, the alignment
algorithm assumes the process to have a single case identifier and can therefore
not be used for compositions of processes that operate on multiple objects.

Multiple extensions to the traditional alignment algorithm have been made
over the years that consider additional dimensions together with the workflow
dimension [I1][12]. Thereby they use higher-order nets to represent the addi-
tional dimensions. The data and resource-aware conformance checking approach
from de Leoni et al. uses data Petri nets [23]. Felli et al. use data Petri nets
together with satisfiability modulo theories to compute data-aware alignments
[21]. Sommers et al. constructed a v-Petri net to calculate resource-constrained
alignments [26]. But all of the approaches above assume the process to have a
single-case identifier.

There are approaches that lift this generalization and model processes as
interacting sub-processes. Multi-agent process models describe the behavior of
agents and their interaction by composing Petri nets [24]. Object-centric pro-
cess mining [2] extends the notion of processes so that they can interact and
operate on objects from different types. Adams et al. defined the notion of cases
and variants for object-centric processes [7] as event graphs instead of event
sequences. The defined process executions serve as input for our alignment cal-
culation. The other data type that we use as input is an object-centric Petri net
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[4] that can describe allowed behavior. Object-centric Petri nets can be discov-
ered from object-centric event logs using the discovery algorithm from van der
Aalst and Berti [4]. Precision and fitness metrics to evaluate the quality of a
model have, recently, been proposed [5]. However, techniques to check confor-
mance to a de-jure model and spot deviations, such as object-centric alignments,
are so far missing.

3 Preliminaries

Object-centric process mining deals with events that operate on a variety of
objects of different types. Events are activities that happen at a timestamp for
a number of objects of different types. Ueyens is the Universe of event identi-
fiers. The universe U, contains all visible activities. Uy, is the universe of all
object types. The universe of objects is Uy;. Each object has exactly one type
associated with it Tiype : Uop; —+ Ugyp. Uime is the universe of all timestamps.

Definition 1 (Event Log). L = (E, O, OT, Tact, Tobj, Ttime, Ttrace) 1S an event
log with:

— F C Ueyent 15 a set of events, O C Uy 1s a set of objects,

— OT = {myype(0)|o € O} is a set of object types,

— Tact * = Uger maps each event to an activity,

— ot : E— P(Ugp;) \ {0} maps each event to at least one object,

— Ttime : B — Ugime maps each event to a timestamp, and

— Ttrace : O — E* maps each object onto a sequence of events such that
Ttrace(0) = (€1, ..., €n) with
{er,.en} ={e € Elo € mopj(e)} and Vic(1,... .n—1} Ttime(€i) < Trime(€it1)

Event logs can contain events from multiple process executions. When ana-
lyzing the behavior we want to extract one process execution.

Definition 2 (Process Execution). Let L = (E, O, OT, Tact, Tobjs Ttime, Tirace)
be an object-centric event log. The object graph OGr=(0,I) with I={{o,0'}|

ecr{o,0'} C mopi(e) Ao # o'} connects objects that share events. The con-

nected components con(L) = {X C O|X is a connected component in OGL} of
the object graph are sets of inter-dependent objects. Each set X € con(L) de-

fines a process execution of L. A process execution is a graph Px = (Ex,Dx)

with nodes Ex = {e € E|X N7mgj(e) # 0} and edges Dx = {(e,e’) € Ex x

Ex|Joex i<icn(€l, ., €n) = Tirace(0) Ne = e; N € = ejp1}. The set pr(L) =

{Px|X € con(L)} contains all process executions of event log L.

shows the process execution of the running example. Object-centric
Petri nets describe object-centric behavior by using types like a colored Petri
net [22].

B(A) is used to represent all multisets for a set A. Given multiset M for set
A, the number of instances of element a € A in M is M(a). We overload the
notation M = [a*|a € A] to state that there are k instances of element a in
multiset M.
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Definition 3 (Object-centric Petri Net [4]). An object-centric Petri net is
a tuple ON = (N, pt, Fyar) where N = (P, T, F,l) is a labeled Petri net with
places P and transitions T. F € B((P x T) U (T x P)) is the multiset of arcs
between places and transitions. Transitions are labeled with activities or T by
12T = Uger U{T} with invisible activity T ¢ Uqer. pt : P — Uy, maps places to
object types and F,q < F' is the sub-multiset of variable arcs.

Note that we label all transitions to activities or T with function l. Other
common definitions for object-centric Petri nets define | as a partial function.
This can be translated into our definition by assuming l[(t) = 7 for all t without
a label. We define the following derived notations for object-centric Petri nets

— ot ={p € P|(p,t) € F} is the preset of transition t € T.

— te = {p € P|(t,p) € F} is the post set of transitiont € T.

— pl(t) = ot U te are the input and output places of t € T, plyar(t) = {p €
Pl{(p,t), (t,p)} N Fyar # O} are places that are connected through variable
arcs and ply, (t) = {p € P|{(p,t), (t,p)} N (F\ Fyar) # 0} are places that are
connected through non-variable arcs.

— tpl(t) = {pt(p)lp € Pl()}, tplvar(t) = {Pt(P)[p € Pluoar(t)}, and tpln,(t) =
{pt(p)|p € plny(t)} are object types related to transitions.

shows the object-centric Petri net for the running example. It has
two object types and variable arcs for transitions receive sample order and receive
products order.

Definition 4 (Well-Formed Object-Centric Petri Net [4]). Let ON =
(N,pt, Fyar) be an object-centric Petri net with N = (P, T, F,l). ON is well-
formed if for each transition t € T : tplye,(t) N tply, () = 0.

In a well-formed object-centric Petri net arcs, connected to the same tran-
sition and places with the same object type, are either all variable or none of
them is. We assume for the following that all the object-centric Petri nets we
use are well-formed. Similar to colored Petri nets, object-centric Petri nets use
the notion of markings and bindings to describe the semantics of a Petri net.

Definition 5 (Marking of object-centric Petri Net [4]). Let ON = (N, pt,
Fyar) be an object-centric Petri net with N = (P,T,F,l). Qon = {(p,0) €
P x Uy |[pt(p) = Tiype(0)} is the set of possible tokens. A marking M of ON is
a multiset of tokens M € B(Qon).

A binding describes which transition fires and what object instances are
consumed and produced per object type.

Definition 6 (Binding of object-centric Petri Net [4]). Let ON = (N, pt,
Fyor) be an object-centric Petri net with N = (P,T,F,l). The set of all pos-
sible bindings is B = {(t,b) € T x (Ugpe # PUmm;))ldom(b) = tpl(t) A
Yotetpln (t) Vpepln (1), pt(p)=ot [D(0t)| = F(p,t)}. A binding (t,b) € B corresponds
to firing transition t in Petri net ON. The object map b describes what object
instances are consumed and produced. The multiset of consumed tokens given
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binding (t,b) € B 1is cons(t,b) = [(p,0) € Qon|p € ot Ao € b(pt(p))]. The multi-
set of produced tokens given binding (t,b) € B is prod(t,b) = [(p,0) € Qon|p €
te Mo € b(pt(p))].

Binding (t,b) € B is enabled in marking M € B(Qon) if cons(t,b) < M.
Applying binding (t,b) in marking M leads to new marking M' = M —cons(t,b)+

prod(t,b). We use the notation M u> M’ for applying (t,b) in M. This implies

that (t,b) was enabled in M and M’ is the result of applying (t,b) in M.
This notation can be extended to a sequence of bindings o = {(t1,b1), (t2,b2), ...,

(tn,bn)) € B* such that My (b2, b1) M, (£2,b2) Ms... (t"’—b")> M,,. We use
the notation M = M’ to show that M’ can be reached from M by applying
the bindings in o after another. The transitions can be mapped to activities
using the label function 1. This results in the visible binding sequence o, =

((U(t1),b1), (I(t2),b2)y vy (I(tn), brn)) where (I(t;),b;) is omitted if 1(t;) = .

Definition 7 (Accepting object-centric Petri Net [4]). An accepting object-
centric Petri net is a tuple AN = (ON, Minit, Mfina1) where ON = (N, pt, Fyar)
is a well-formed object-centric Petri net. Min;: € B(Qon) and Mtina € B(Qon)
indicate the initial and final markings of the net.

Accepting object-centric Petri nets accept some binding sequences and some
not. The set of all binding sequences that are accepted form a language.

Definition 8 (Language of an Accepting Petri Net [4]). The language
H(AN) = {oy|Minis = Myinat} of an accepting object-centric Petri net AN =
(ON, M;pt, Mfinal) contains all the visible binding sequences starting in M
and ending i Myina.

4 Alignment

Alignments show how process executions and the allowed behavior of a de-jure
model relate to each other. We use moves to represent whether something occurs
in the process execution, the de-jure model, or both of them. Note that we do
not allow alignments to alter the set of objects. We assume them to be fixed.

Definition 9 (Moves). Let L = (E, O, OT, Tqct, Tobj; Ttimes, Tirace) be an object-
centric event log and Px = (Ex,Dx) € px(L) a process execution. Let AN =
((P,T,F,1),pt, Fyar), Minit, Mfina1) be an accepting object-centric Petri net.
The set of all moves is moves(Px, AN) C ({mset(€)le € Ex} U {>>}) x P(O) x
(TU{>})xP(O) with skip symbol >¢& Uy, UT. A move (aiog, Olog, tmod, Omod) €
moves(Px, AN) is one of the following three types:

Log move - for an e € Ex: ajog = Tact(€), Olog = Tobj(€), tmoa =>>, and
Omod = 0.

Model move - for a (t,b) € o with 0y, € $(AN): timod = t, Omod = ermnge(b) 0
Alog =>>, and 0159 = 0.

Synchronous move - for an e € Ex and a (t,b) € o
7"-act(e) = l(t); tmod = t, and Olog = Omod = Tobj (6) =

ith o, € qb(AN) Alog =

w1
U Erange(b
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Each type of move is presented in For synchronous moves, the
activity and objects of the model and log part have to be exactly the same. For
log and model moves, only one part has an activity and objects while the other
parts are skipped. The skip symbol > represents that nothing happened in that
part. The upper part is the log part a;oq and 0;04. The lower block is the model
part that contains t,,0q, the activity {(tm,04) it is labeled with, and 0.,04-

receive sample
order setup box >>
p1,i1,i2 p1
t1: receive sample .
order >> t3: setup envelope
p1,i1,i2 p1
Synchronous Log Model
Move Move Move

Fig. 3. One synchronous move, one log move, and one model move for the running ex-
ample with the accepting object-centric Petri net in and the process execution

in [Figure

We define the following projections on moves.

Definition 10 (Move Projections).

Given a move m = (alog,olog,tmod,omod) € moves(Px, AN) with process exe-
cution Px and accepting object-centric Petri Net AN = (((P,T, F,l), pt, Fyar),
Minit, Myinat). We use the following projections to map moves to their attributes:
Ta(Mm) = ajoq maps moves to their log activity.

Tio(M) = 010 Maps moves to their log objects.

Tmt (M) = timod Maps moves to their model transition.

Tma(M) = l(tmod) maps moves to the activity the transition is labeled with.
Tmo(M) = 0moda Mmaps moves to their model objects.

When reasoning about the model or log behavior individually, we want to
ignore skipped behavior in that part. An alignment, which we define in
is a directed acyclic graph of moves. We need to reason about the
model and log behavior individually to define alignments. Therefore, we intro-
duce the following reductions that remove moves with skipped behavior in a
given part from a directed acyclic graph of moves while maintaining the partial
order defined by the acyclic graph.

Definition 11 (Reduction to Log and Model Part). Let MG = (M, C) be
a directed acyclic graph with vertices M C moves(Px, AN) and edges C' C M x
M with process execution Px and accepting object-centric Petri Net AN. The
reduction to moves with visible activity in the log part is MG 10y = (MJ,log, Cuog)
with:
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— Myiog = {m € M|m,(m) #>} synchronous and log moves.

- CJ,log = {(mhmn) € MJ,log X M\Llog|3<m1,..4,mn>eM* v1§i<n (mivmi+1) S
C AV1<icn Tia(m;) =3} edges between synchronous and log moves and new
edges where model moves were removed.

The reduction to moves with visible activity in the model part is MG y0q =
(Mimody Ci,mod) wlth.

— M mod = {m € M|mpma(m) #>} synchronous and model moves

- C(‘Ln%od = {(mlamn) S M‘LmodxM\Lmod|3<m1,.‘.7mn>EM* v1§i<n (mi7mi+l) €
C AVicicn Tma(m;) =>} edges between synchronous and model moves and
new edges where log moves were removed.

In both MG |10 and MG |pmoder are visualized for an arbitrary di-
rected acyclic graph of moves. MG ;.4 describes a directed acyclic graph after
removing all model moves and related edges. New edges are added when two
movements used to be connected via removed model moves in the movement
graph. MG |,moder behaves simultaneously for the model part.

t6:f

19:
2,08 h / xS

s MG mod

16: 1 19:1
205 203

Fig. 4. Reductions MG oy and MG moder for a directed acyclic graph of moves.

An alignment is a directed acyclic graph of moves that requires the log part
to contain the process execution and the model part to be in the language of the
de-jure model.

Definition 12 (Alignment). Let L = (E, O, OT, Tact, Tobj, Ttimess Ttrace) D€
an object-centric event log and Px = (Ex,Dx) € px(L) a process execution. Let
AN = (((P, T, F,1),pt, Fyar)Minit, Mfina) be an accepting object-centric Petri
net. An alignment ALp, an = (M,C) is a directed acyclic graph on M C
moves(Px, AN) such that:
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The alignment contains the process execution behavior in the log parts: Px
is isomorphic to ALp, an log with bijective function f: Ex — Mo, such that
VeeBxTact(€) = ma(f(€)) A mop;(e) = mo(f(e)).

The alignment contains behavior that is accepted by the Petri net in the model
parts: There exists a binding sequence o = ((t1,b1), (t2,b2), ..., (tn,by)) € B* with
oy € ¢(AN) and a bijective function f': B — M o4 such that:

- v(t,b)egt = 7Tmt(f,(tv b)) A UOETange(b) 0= 7"'mo(f/(ta b))
= Vi maeMymoa (M1, M2) € Clmod = J1<icj<nmia = f'(t;, b)) Ama = f'(t;,0;)

There can be multiple alignments for a process execution and an accepting
object-centric Petri net. al(Px, AN) is the set of all these alignments.

An alignment for the running example can be seen in The graph
of moves is directed and acyclic which creates a partial order of moves. When
reducing the graph to log and synchronous moves, it is isomorphic to the given
process execution in This ensures that the behavior of the given pro-
cess execution is contained in the alignment. The reduction to the model part
relates to a binding sequence that has to be in the language of the accepting
object-centric Petri net. This ensures that the model part describes behavior
that is accepted by the model. Note that an alignment does not put any other
requirement on the model part than to be allowed by the model. Therefore,
alignments can also contain model behavior that is very different from the pro-
cess execution. Those alignments will end up with more model and log moves
and fewer synchronous moves. Cost functions for moves allow us to search for
special behavior from the model that we want to align. Most of the time we are
looking for the allowed behavior that is the most similar to the given process
execution. That is what the standard cost function formalizes.

Definition 13 (Standard Cost of Move Function).

Let ALp, an = (M,C) € al(Px,AN) be an alignment with process execution
Px and accepting object-centric Petri Net AN. The cost function costpove :
moves(Px, AN) — R is defined as:

0 if m is a synchronous move,

; (m) |16 (M) U Tmo(m)| if m is a model or log move A Tpmq(m) # T,
cos m) =
move € if Tma(m) =T A arog =>>,

+00 else
With € being a positive very small number. The cost of a complete alignment is
the sum over all alignment moves: costatignment (ALpPyx AN) = Y11 e v COStmove ().

The cost of the alignment in [Figure 5|is 6 because there are 3 model and 3 log
moves that have one object each. The lower the cost the better model and log
part match, because synchronous moves are cheaper than model and log moves.
We call one of the cheapest alignments an optimal alignment.

Definition 14 (Optimal Alignment). Let L be an object-centric event log
and Px € px(L) be a process execution. Let AN be an accepting object-centric
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Petri net. An alignment ALp, an = (M,C) € al(Px,AN) is optimal if
vaeal(Px,AN)COStalignment (ALPX,AN) < COStalignment (a)

Note that there can still be multiple optimal alignments for a given process
execution and a de-jure Petri net as long as they are all equally similar to the
process execution.

setup box >> add bill >>
p1 | - p1 —
[ t3: setup o> t7:_add
envelope advertisement
p1 p1
receive sample
order prepare sample >>
p1.il,i2 it |
t1: receive t5: prepare .
sample order sample 19: add sample
p1.il,i2 it it
prepare sample add sample add sample
i2 | 2 . i2
t5: prepare .
sample t9: add sample >>
i2 i2

Fig. 5. Alignment for process execution in and accepting object-centric Petri
net in

An optimal object-centric alignment for the running example can be seen
in The inter-object dependencies that are defined in the object-centric
Petri net in are respected by the object-centric alignment. For example,
the object-centric alignment agreed on one shared start activity for p1, i1, andi2
which keeps the alignment consistent with inter-object dependencies. This differ-
entiates object-centric alignments and traditional alignments which can violate
this requirement.

5 Object-Centric Synchronous Product Net

The first part of our approach to calculate optimal alignments is to create a
synchronous product net for a given process execution and an accepting object-
centric Petri net. That synchronous product net is designed to generate all pos-
sible alignments. Since alignments can have model, log, and synchronous moves,
the synchronous product net consists of three parts that directly relate to them.
In the synchronous product net in these parts are marked. First, we
construct the log part from the process execution. Then, we pre-process the de-
jure model to finally merge them together to the synchronous product net and
add the synchronous part.

5.1 Process Execution Net Construction

The process execution net will be the part of the synchronous product net that
guarantees that the process execution is contained in the alignment. The con-
struction of the process execution net relates to Petri net runs [I5] and causal
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nets [3]. For each object, each edge in the process execution defines a precondi-
tion for an event. The process execution net in therefore, has a place
for each condition defined in the process execution.

118 21

setup box |->O—>| add bill @

typ1 typ1

17

receive sample
order

20

t22 t23
;;r:rgalr: |->O—>| add sample |->O->| add sample

tyiz tyiz tyiz tyiz tyiz

Fig. 6. Process Execution Net

Because object-centric Petri nets are under-specified and we will merge the
created net with a given accepting object-centric Petri net, we can not use the
same objects and types for both, the log and model part. The process execution
contains directly follows relations on the level of object instances. For example,
the running example process execution in shows that on item il add
sample never happens, whereas on item 2 activity add sample happens twice.
Although they both have the same object type, the process execution differenti-
ates them. An accepting object-centric Petri net is under-specified in that regard
because it only differentiates places by type. Clearly, it is important to separate
the object instances because otherwise, deviations in one object instance could
compensate for a contrary deviation in another. For example, the missing add
sample activity on il could be compensated by the additional add sample ac-
tivity on i2 if one would not strictly separate which event happened on which
object instance. To enable an accepting object-centric Petri net to separate ob-
ject instances, we have to create a new individual type for each object instance
in the process execution. Since each object instance must have exactly one type,
we then need to replace the original object instances with new individual place-
holder object instances in the process execution net.

Definition 15 (Generation of new Objects and Types). Let L = (E,0,OT,
Tact Tobj» Ttimess Tirace) b€ an object-centric event log and Px = (Ex,Dx) €

px(L) a process execution containing objects X. Let Opew(Px) € Ugp; with

Onew(Px)NO =0 and |Onew(Px)| = | X| be a set of new object instances and

OTew(Px) € Upype with OT e (Px )N {Tiype(0)|o € X} =0 and |OT pew (Px)| =

| X| be a set of new types.

Let newey; : X — Opew(Px) be a bijective function that renames objects
from X to unused objects in Opew(Px). Let newype : X — OTpew(Px) be a
bijective function that relates each object to its unique new type.

We define the following derivative concepts:

0rob : Opew(Px) — X with orob = newo_bl‘ returns the original object.

J
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orty : OTpew(Px) — {miype(0)lo € X} with orty(ot) = ﬂtype(newt_y})e(ot)) re-
turns the original type of the object that is associated with the given new type.

We create the process execution net with the new objects and types. The
conditions defined in the process execution are the directly follows relation per
object. For each condition, the Petri net contains a place. Also, start and end
places are added for each object. The transitions relate to the events of the
process execution.

Definition 16 (Process Execution Net). Let L = (E, O, OT, Tact, Tobj; Ttime:
Ttrace) D€ an object-centric event log. Let Px = (Ex, Dx) € px(L) be a process
execution from the event log. The process execution net PX,.. = (((P,T, F,1), pt,
Foar), Minit, Mfinat) s an accepting object-centric Petri net with:

— P ={poilo € X ATprace(0) = (e1,..,en) N1 <i<n—1}
U{posslo € X} U {poelo € X}
— T ={t]ec Ex}
- F= [(te7po;i) €T x P|7Ttrace(0) = <ela "'76'IL> A ngign—lei = e}
U [(Posis te) € P X T|Ttrace(0) = (€1, .y €n) A Ji<i<n—1€i41 = €]
U [(Posss te) € P X T|mprace(0) = (€1, ...,en) Aer = €
U [(te, Pose) € T X P|mirace(0) = (€1, ..., en) A ey = €]
= I(te) = Tact(e); Pt(po:i) = newtype(o); Fiar =10
= Minit = {(Po;s; newon;(0))0 € X}; Myinat = {(Pose, o) [newopj(0) € X}

5.2 Pre-processing of the Object-Centric Petri Net

The de-jure behavior is already given as an accepting object-centric Petri net,
which is very close to what we need to create the synchronous product net. But
an accepting object-centric Petri net can have variable arcs. The Petri net of the
running example in has variable arcs for ¢; and t5. For transitions with
variable arcs, we do not know beforehand how many objects they will use. This
becomes a problem when we try to find synchronous moves between the process
execution net and the de-jure net. A transition can only be synchronous if they
use the same object instances which implies that they use the same number
of object instances. Therefore we need to know beforehand how many object
instances a transition will use.

As mentioned in we assume that the set of objects for the alignment
is immutable and defined by the process execution. For a predefined set of object
instances, the number of objects a variable arc can use is finite. Therefore, we can
replace transitions with variable arcs with a set of transitions without variable
arcs. For each combination of how many objects a variable arc could consume
we can add a new transition to the Petri net that uses exactly that number of
objects, but by replacing the variable arc with a number of non-variable arcs.
When doing this for the Petri net in the result will be the Petri net
without variable arcs in
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Definition 17 (Pre-processing of Accepting Object Centric Petri Net).
Let L = (E,O,OT, Tact, Tobj, Ttimes: Trace) be an object-centric event log and
Px = (Ex,Dx) € pz(L) a process execution. Let AN = (((P, T, F,l),pt, Fyar),
M;nit, Mfiml) be an accepting object-centric Petri net. Let there be an arbitrary
but fized order of types oty,...,ot, € OT. The pre-processed accepting object-
centric Petri net is DJyer = (P, T',F', '), pt', F} .. ) M| M}inal) with:

var wnit?

- P :P’ ptl :pt7F1/)ar :[Z)7

=T = {te, et € TAVi<icn0 < ¢ < [{o € Xlmiype(0) = oti}] if ot; €
tplvar(t) otherwise ¢; = O}

= F' = [(ptey,...c.) € P' X T'|(p,t) € F A (p,t) & Fuar)]
Ul(tey.....cn,p) €T X P'|(t,p) € F A (t,p) & Foar)]
U[(p, tey....cn ) € P! X T'|(p,t) € Foar A In<i<npt(p) = ot; Ac; = k]
Ul(ter,.ensD)* € T X P'|(t,p) € Fyar A J1<icnpt(p) = oti Ac; = k]

- ll(tcl,...,cn) = l(t)

= M, = [(p,0) € P' x X|Vier(t,p) & F Apt(p) = miype(0)]

— M}y = [(p,0) € P' X X|¥yer(p.t) & F A p(p) = Trype(0)]

We call the pre-processed accepting object-centric Petri net a de-jure net.
The de-jure net of the running example can be seen in

t11=11_0,0

package

Fig. 7. Preprocessed accepting object-centric Petri net without variable arcs

5.3 Creating the Synchronous Product Net

Now that we have two accepting object-centric Petri nets without variable arcs,
one describing the process execution, and one describing the de-jure behavior, we
can add them together to create the synchronous product net. The synchronous
product net should directly relate to possible alignments. In an alignment, either
the process execution and the de-jure parts advance forward separately or they
advance forward synchronously. For activities to happen in the process execution
and the de-jure part simultaneously, they have to be the same activity on the
same object instances. Object-centric Petri nets can only separate between object
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types and not between object instances. Therefore, we extend the object-centric
Petri net with v-net requirements that can differentiate between object instances.
We decode log, model, and synchronous transitions with (¢;54,>>), >, tmea), and
(tlog,tmod) as one can see in the synchronous product net in

t11, >>
T12,5> package __ (t3, >> package _ (17, >>
package
package (t13, >>) package t4, >> package _(t8_>>
2
14, >> item 15, >> item 19, >> &
item .§
Pl 115, >> item 6, >> item 110, >> -
116,>>
..... V4 V7 e
................................... OReD] \ {8151 5%
setup box add bill l
Vv2\ 1 2
v3 3,117) V5 (t5, 19)

ued
SNOUOJYOUAS

(>>,118)

setup box

(>>, t21)
add bill

(>>, 119)

prepare
sample

(>>, t20) (>>, 122)

tyiz tyiz tyiz tyiz tyiz

Fig. 8. Synchronous product net for the process execution net in[Figure 6]and accepting
object-centric Petri net in [Figure 7]

Definition 18 (Synchronous Product Net).
Let PXpet = ((Ppx,Tpx,Frx,lpx),ptrx: Foarpx = 0); Minitpx > Mfinaipy)
be a process execution net. Let DJyer = (Ppy,Tps, Fpy,lps),ptps, Fearp, =
0), Minitp, s Myinaip, be a de-jure net. Let Var be a set of unused variable names.
Two transitions can be synchronous if they are labeled with the same activity
and consume the same multiset of tokens. This requires them to be related to the
same types and consume and produce the same number of tokens.
Tsyn = {(tpx,tps) € Trpx x Tpyllpx(trx) = Ups(tps) A {orty(ty)lty €
tpl(tpx)} = tpl(tp.s) A Vppxeotpx ppseotn, (0rty(ptpx (PPx)) = ptps(pps)) =
Fpx((ppx:tpx))=Fps((Pp7,tD1))) ANVppxctoxeppsctpse(orty(ptpx(prx)) =
ptpi(ppy)) = (Fpx((tpx,ppx))=Fps((tps,pDJs)))} is the set of synchronous
transitions.
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The synchronous product net is the accepting object-centric v-Petri net S Pper =
(ONsp, Minitsp, Mfinaisp,v) withONgp = (Nsp, ptsp, Foargp = 0) with Ngp =
(Psp,Tsp, Fsp,lsp) such that:

— Psp = Ppx U Ppy is the union of places and ptsp = ptpx Uptpy

— Tsp C (TpxxTp5;) = {(tpx,>)|tpx € Tpx }U{(>,tps)ltps € Tps}UTsyn
is the union of transitions with additional synchronous transitions.

— Fsp = [(ppx, (tpx,>))|(ppx,trx) € Fpx]U[(pps, >, tps))|(pDs tDs) €
FpslU[((tpx,>),ppx)|(tpx,pPpx) € Fpx]U((>,tps),pps)|(tDI, PDI) €
FpjlUl(ppx,(tpx.tps))|(ppx,tpx) € Fpx A (tpx,tps) € Tsp]

U [(pps, (tex,tps))|(pps,tps) € Fps A (tpx,tps) € Tsp]
U[((tpx,tps),prx)|(tpx.prpx) € Fpx A (tpx,tps) € Tsp)
U[((tpx,tps),pps)|(tps.pps) € Fps A(tpx,tps) € Tsp]

—lgp = {((th,>>),a)|(th,a) € lpx} U {(>>,tDJ),a)|(tDJ,a) S lDJ} U
{((tpx,tpy),a)l(tpx,a) € lpx,(tps,a) €lps}

- Minitsp = initpx U MinitDJ and Mfinalsp = Mfinalpx U MfinalDJ

— v: Pgp xTsp /4 Var such that:

V(tPX1tD,])€TPX XTDJVPPXe‘(tPX»tDJ)EI(pDJy(tPthDJ))GFSP
(pps € Ppy Apt(ppy) = orty(pt(ppx))) =
(v((ppa, (tpX,tpy))) = v((prx, (tPx,tDs))))

In the process execution part, we use the orob function when comparing
objects from the model and log part. The v net requirement function assigns
variables to the in-going arcs of the synchronous transition. For each in-going
arc from the process execution net, there has to be one arc from every place that
has the same original type, so that those arcs have the same unique variable
assigned by Var. This requires the synchronous move to use the same object
instance in the process execution net and the de-jure net. The variables ensure
that transitions can only consume the same object instance for arcs with the
same variable. This refers to the original objects not the newly created ones in
the process execution net.

Definition 19 (Valid Binding in Synchronous Product Net). Let SP,,.; =
(((PSP7 TSP7 FSP7 lSP)J?tSP, F’U(l’l"sp)? Minitsp ) Mfinalspﬂ V) be the synchronous
product net. Let SPyep, be the synchronous product net without v. A binding
sequence d = ((t1,b2), ..., (tn,bn)) € B* is valid for SPe if it is valid for SPpep .,
and for every (t;,b;) € o with t; € Ty, that is connected to an arc with a vari-
able assigned by v it holds that arcs with the same variable consume the same
object:

VPDJGPDJJJPXGPPX,{PD.I,PPX}Q'(ti)(V((pPX7ti)) = V((pDJ7ti)) = {OTOb(O)|O €
bi(pt((ppx,t:)))} Nb(pt((ppas,ti))) # 0).

The resulting synchronous Petri net for the running example can be seen in
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6 Alignments from Synchronous Product Net

This section describes the second part of our approach to finding object-centric
alignments. As an input for this part, we have a synchronous product net in which
every transition relates to a move of an alignment. All binding sequences from the
initial marking to the final marking in the synchronous product net relate to an
alignment. In this section, we now want to find an optimal alignment given a cost
function for moves. Every binding in the synchronous product net directly relates
to a move. A binding defines the transition and the used objects. As described in
the transitions already describe the type of move with (>>,¢) being a
model move, (t,>>) being a log move, and (tpx,tps) being a synchronous move.
The activity is also defined by the transition from the binding. The objects used
in the binding are the objects of the move.

Therefore, searching for an optimal alignment relates to searching for an
optimal binding sequence from the initial to the final marking of the synchronous
product net. Interpreting markings as nodes and bindings as edges between
markings, we can set up the search space as a graph. The cost of the edges is
then the given cost function applied to the move that relates to the binding. This
is a well-defined search problem we can solve with standard search algorithms
for finding the cheapest or shortest path in a graph.

Definition 20 (Weighted State Space Graph).

Let SPue; = (((Psp,Tsp,Fsp,lsp),ptsp, Foarsp), Minitsp, Mfinaisp, V) be a
synchronous product net. Let Bgp be all possible bindings in SPyet. The weighted
search space graph for that Petri net is Gug = (Vig, Bwg, Wwg) with Vg C
B(Qonsr ), Buwg € B(Qonsy) X B(Qongp) and wyg : Eywg — R such that:

— Vg = {M € B(QONSP)BoengMinitsp N M} is the set of all reachable
markings in the synchronous product net.

b
- Ewg = {(M7M/) € B(QONSP) X B(QONSP)|3(t,b) inBspM (~°)_> M,} con-

nects each marking to its directly reachable markings.
- wwg(Ma M/) = COStmove(alog70l0g7tmodelaomodel) where (t7b) S BSP with

M LD N and ¢ = (tpx,tps) € Tsp so that:

® 100 =lsp(tpx); tmodet =tDJ
o 055 = range(b) if ajoq > else 01y =0
® Omodel = range(b) Zf Amodel 7é>> else Omodel = [Z)

Theorem 1. Let Px be a process execution with a finite number of objects and
events and a let DJyer = (Pps,Tps, Fps,lpg),ptos, Fearp, = 0), Minit,,,
Mfinalp,) be a de-jure net with a finite number of reachable markings from the
imitial marking. The synchronous product net SP,e; for Px and DJ,e: has a
finite number of reachable markings.

Proof (Finite Search Space). Let Px = (Ex, Dx) be a process execution with a
finite number of objects o = | X| and events e = |Ex|. Let DJyet = (((Ppy,Tpy,
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Fps,ps):vtps, Fvarp, =0), Minity,,» Mfinai, ) be a de-jure model for the pro-
cess execution with a finite number of reachable markings mp; = {M|3,ep: |

Minit, (Px) 2y M}| with Bpy being the set of possible bindings in D.J,,..

Step 1 of our method creates the process execution net PX .t = (((Ppx,Tpx,
Frx,lpx),ptpx, Foarpx ), Minitpx, Mfinalpyx ) from the process execution. Let
Bpx be the set of all bindings in PX,.. At most one place is added per
event for each object together with one additional start place for each object.
Since the number of events and objects is finite the number of places in PX ¢
is finite. Each transition produces as many tokens as it consumes because it
is connected to one output place for each input place. So the number of to-
kens stays consistent all the time. Therefore, the number of reachable markings
mpx = |{M|E|U€B;XMim-tPX L M} < (e+1)° in PX,, is finite.

Step 2 of our method preprocesses DJ,.;. Thereby, no places are added.
Transitions with variable arcs are replaced by a set of transitions that can only
reach markings the original transition was able to reach as well. Thus, the number
of reachable markings stays the same and is therefore finite.

In Step 3, DJ,er and PX ¢ are merged together to form the synchronous
product net. No places are added and the synchronous transitions that are added,
do not add new reachable markings because there always exists one transition
from DJ,e: and one from PX,.; that together have the same effect on the
markings of the net. Therefore, the number of markings in the synchronous
product net SP,.; for Px and the preprocessed D.J,.; is the product of the
two nets: mgp = |{M|EIU€B§PMZ-m-tSP 2y M}| = mpy * mpx with Bgp being
the set of all possible bindings in SP,.:. Since mp; and mpx are finite, the
synchronous product net has a finite number of reachable markings.

As stated in and shown in [the finite search space proof] the
weighted search space graph is finite given that the event log and the de-jure
model have a finite size. For a finite weighted graph, it is decidable whether a
cheapest path exists, and if one exists, algorithms like the Dijkstra algorithm
[14] can find them. The only case in which there is no cheapest path is when
there is no path at all. This means that the synchronous product net cannot
reach the final state from the initial state. This can only occur if the de-jure
model has no option to complete for the set of objects of the process execution.
In other words, the de-jure model does not contain any allowed behavior related
to the process execution. In this case, there can be no alignment and the user
is informed that the de-jure model does not match the process execution. This
is similar to traditional alignments with a de-jure model that has no option to
complete. In the normal case where the de-jure model describes behavior related
to the given process execution, an optimal alignment is determined with the help
of the shortest path.

The resulting shortest path is a binding sequence from the initial to the final
marking. It relates directly to an object-centric alignment for the given process
execution and the de-jure model. Using the synchronous product net in
the search for an optimal alignment results in the alignment in Thereby
respecting the inter-object dependencies between package and item. Also, object
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original with noise:

application 1 m m
D)

Fig. 9. A process execution from [17] and a variation of it that has some noise.

instances are correctly separated by the v-net requirements, so that deviations
of different object instances can not compensate another. That can be seen in
where the missing add sample activity for i/ and the additional add
sample activity for 2 are both identified as deviations.

There can be multiple binding sequences with the same cost. It is guaranteed
that one of the cheapest is found, but if there are multiple binding sequences
with the same cost, it depends on the implementation which one is found.

7 Evaluation

We conducted an evaluation with real-world data from the BPI2017 challenge
[I7]. The evaluation is split into a qualitative part and a quantitative evaluation
of the run time.

7.1 Qualitative

The purpose of the qualitative evaluation is to evaluate whether the proposed
approach does indeed give better insights into complex processes than exist-
ing approaches. In the following, we will compare the presented object-centric
alignment approach to traditional alignments [§] on a flattened event log [4].

We used data from BPI2017 [I7] for our real-world evaluation. It is one of
the few publicly available event logs that can be turned into an object-centric
event log. The two object types of that process are application and offer. All
variants have exactly one application and at least one offer. An application can
be canceled or an offer is accepted.

For this evaluation, we selected only the 4 most dominant variants that made
up 19.6% of process executions. For simplicity and clarity, we removed the activ-
ities Submit, Complete, and Accept because they only appear in the beginning
before the processes for application and offer interact. We discovered the de-
jure Petri net from those 4 variants using the python library ocpa [6] which
implements the discovery approach from van der Aalst and Berti [4]. The im-
plementation of our approach also uses ocpa [6]. In the next step, we introduced
noise in the log by removing and replacing events in the given process execution.

The original accepted process execution and the process execution with noise
can be seen in In this example, the activity Cancel application is
removed from the application trace, as well as the activity Cancel offer. Instead
of Cancel offer the activity Accept offer was recorded for application 1. In the
trace of offer 1, nothing was changed. An error like that could be introduced
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Fig. 10. Traditional and object-centric alignments for the variant with noise and the
evaluation de-jure model.

to a real process by human mistakes. The change created multiple deviations
from the wanted behavior described by the de-jure model. For example, it is not
possible to accept an application without accepting an offer. This is an inter-
object dependency we would want alignments to detect. Also, the events Cancel
application and Cancel offer are now only recorded for an offer but are not
connected with an application. Therefore, this represents unwanted behavior as
well.

We applied the traditional alignment approach [8] after flattening [4] the
object-centric process execution and the object-centric Petri net. This results in
the two alignments. We also applied our object-centric alignment approach to
the described evaluation data. Both the traditional and object-centric alignment

can be seen in [Figure 10

Comparing those two, we can see big differences in the diagnostics. The
biggest difference is that the traditional alignment did not detect that appli-
cation 1 should not have been accepted. The reason for that is that with the
traditional approach, the alignment for application 1 is computed without any
knowledge about any offers. Therefore, it has to assume that activity Accept Of-
fer was a valid activity, where instead there was no matching offer to accept. This
missing information leads to the traditional alignment suggesting that activities
Validate and Pending are missing in the log, further supporting the understand-
ing that this application should have been accepted. Our approach considers
all dependencies between objects and therefore identifies Accept offer as a log
move. Moreover, the traditional alignment does not indicate any control flow
deviation for offer 1. This creates a contradiction between the alignment of offer
1 and application 1 because an application can not be accepted and canceled.
Contradictions like that can not occur in an object-centric alignment because
the whole process execution is considered at once.
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7.2 Quantitative

To evaluate the scalability of our approach, we performed a quantitative analysis
of the run time.

Evaluation Setup As the data source we used BPI2017 event data [17]. Only
the most frequent 50% of activities were used. All other activities were filtered
out. Afterward, the log consisted of 755 variants. We used a Petri net designed so
that the given log contains some dis-aligned process executions. The used Petri
net is available on GitHub!. It has 6 visible transitions and 4 silent transitions.
There are 10 places in the net. We aligned all the 755 variants with the model
and tracked their properties and the resulting alignment calculation time. The
raw results of that evaluation can be found at GitHub!. The evaluation was
performed on a 3.1 GHz Dual Core Intel Core i5 with 8GB of RAM.
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Fig. 11. Execution time on a logarithmic scale over the number of events.

Results Within the 755 calculated alignments, the cost varied from 0 to a
maximum of 5. The number of events spanned 3 events up to 20 events with
the majority of process execution having 11 to 14 events. The object instances
involved started with 2 and went up to 7 instances. The distribution of these
attributes can be seen in [Figure 11} [Figure 12| and |Figure 13| The shortest
calculation time was 0.007 seconds and the longest was 1051.8 seconds. One can
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see that near the limits of the value range for all attributes, there are fewer data
points, which makes the results for these values less resistant to outliers. We
computed the correlation coefficient for each pair of attributes. The number of
events and the number of objects show a positive correlation of 0.59 whereas the
number of events and the cost show a negative correlation of -0.38. Especially the
latter one is surprising because one would expect more deviations and therefore
a higher cost for process variants with more events.

We plotted the calculation time over the three dimensions number of events
, number of objects , and cost . To reduce the
effect of the negative correlation, we grouped the data points in by
their number of events. Note that the time scale for the time is logarithmic in
all three plots and, therefore, the linear increase represents exponential growth.
For all three dimensions, the calculation time grows exponentially.
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Fig. 12. Execution time on a logarithmic scale over the number of objects.

This result can be explained by the structure of the search space. More
events increase the size of the process execution net and can also increase the
number of synchronous transitions in the synchronous product net. Thus there
are more possible markings which leads to a bigger search space. More objects
also increase the size of the process execution net and add a lot of parallel
behavior, thereby also increasing the search space. The run time of the Dijkstra
algorithm is on average exponential in the size of the search space [16]. Therefore,
the computation time grows exponentially for the number of events and objects.
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Fig. 13. Execution time on a logarithmic scale over alignment cost, grouped by the
number of events.

For an alignment with a higher cost, a bigger portion of the search space is
explored because Dijkstra explores all vertices that are reachable by a path that
is cheaper than the cheapest path to the final marking. As a result, the run-time
grows exponentially for the cost of the alignment.

8 Conclusion

This paper presented four contributions for conformance checking in object-
centric process mining. First, we defined object-centric alignments generalizing
traditional alignments to graphs of moves. Second, we provided an algorithm to
calculate optimal alignments on an object-centric log and Petri net. The two-step
approach creates a synchronous product net and searches for the optimal bind-
ing sequence from initial marking to final marking. Third, we implemented this
algorithm using the open-source library ocpA [6] and made it publicly available
on GitHub!. Finally, we performed an evaluation of the presented approach. The
qualitative evaluation shows the advantages of object-centric alignments for de-
viation diagnostics. Complex inter-object dependencies are lost when flattening
the event data, leading to contradictions in the alignment. Using object-centric
alignments, we preserve these dependencies and avoid contradictions. Our quan-
titative evaluation indicates an exponential computation time in the number of
object instances and cost of the alignment. This suggests, that an alignment
of a whole object-centric event log to a moderately fitting model might be too
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time-consuming. In those scenarios, one might use object-centric alignments to
get specific diagnostics for individual process executions or variants.

There are two directions for future work based on object-centric alignments.

On the one hand, one can investigate lifting restrictions of the current approach.
For example, the assumption of a fixed object set could be dropped, allowing
for the approach to introduce completely new objects that might be missing. On
the other hand, one can work towards decreasing the complexity and run time:
Heuristics, using the A* algorithm, and defining relaxations of the problem are
all promising directions to decrease the computation time.
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