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Introduction: How to measure the trace consistency between process models in
workflow net systems have become a crucial part of process mapping, process
integration, and difference testing. Workflow net with data (WFD-net) is an
effective language to describe a complete model of a workflow net system.
Checking their trace consistency is a significant challenge in service-based
software engineering. However, most of the existing research on trace consistency
measurement has not taken the data into consideration. Therefore, they cannot
accurately calculate the trace consistency degree of two WFD-net systems,
especially when data operations and guard functions are complex.

Methods: We explore all traces in two WFD-net systems based on guard analysis
and data dependencies.

Results: We point out that the trace consistency degree is uncertain when the
values of guard functions are considered.

Discussion: We conduct experiments to evaluate our method and show
its effectiveness.

KEYWORDS

trace consistency, WFD-net system, data operation, guard analysis, data dependency

1. Introduction

Nowadays, business process models with data are very important in the development
of business process systems (Song et al., 2016). They are very effective in reflecting the
relations of activities. Here, we mainly focus on studying workflow net systems, which
can be used to automate, optimize, and manage these business process models. They have
become a major way to construct business processes in software systems (IEEE, 1990;
Song et al., 2018). Software designers and business analysts may simulate workflows in
the same granularity standards but with different extra activities (i.e., activities without
correspondences). Meanwhile, service-based workflow net systems become more and more
extensive, and the traces (i.e., firing sequences of transitions) of a system may be affected by
data. Therefore, we should provide an effective way to measure the trace consistency of these
workflow net systems.

Many models can be taken to describe workflow net systems, i.e., UML activity diagram
(Fahland, 2008), Business Process Modeling Notation (BPMN) (van der Aalst et al., 2010;
Zhu et al,, 2014; Assy et al.,, 2015), Business Process Execution Language (BPEL) (Weidlich
et al., 2014), Event-driven Process Chain (EPC) (Dijkman et al,, 2011; Li et al., 2014), and
Workflow net with data (WFD-net) (Trcka et al., 2009; Sidorova et al., 2011). Unfortunately,
the first four modeling languages have not taken the delete operations into consideration.
Compared with these modeling methods, WFD-net is a workflow net with data operations
and guard functions. Therefore, we use WFD-net as an adequate formalism to model
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workflow net systems (Trcka et al., 2009; Sidorova et al., 2011) to
analyze the trace consistency in this paper.

At present, many methods are used to measure the trace
consistency degree, e.g.,, DTC (Degree of Trace Consistency)
(Weidlich et al., 2011) and CDAT (Consistency Degree of Aligned
Traces) (Wang et al., 2018). Based on the sets of projected firing
sequences, the first method can be used to obtain the trace
consistency degree of two models without data. Based on the direct
dependence relations and independence relations on transitions,
the second method is used to calculate the trace consistency
degree of two traces. Moreover, these methods only considered
transitions with correspondence relations, while those without
correspondence relations are ignored. However, they may affect
the traces of transitions with correspondences. Therefore, these
methods are ambiguous and cannot reflect the real traces in
two models, especially when there are guard functions and data
dependencies. They cannot accurately assess the trace consistency
degree of systems with data information. Furthermore, calculating
the trace consistency degree would require a lot of work, e.g., if
there are k concurrently-executed transitions in a process, then
there are k! different traces at most. Therefore, calculating the trace
consistency degree would require a lot of work.

To solve these problems, a new behavioral profile relation
is defined based on weak behavioral relations, guard functions,
control and data dependency. After then, the formalization
of correspondence relation and projected firing sequence are
provided. Finally, we develop a new method to calculate trace
consistency degree.

The contributions of this paper are shown in the following:

1) We reveal that the trace consistency degree of two WEFD-
net systems is non-uniqueness when their guard functions are
uncertain since these guard functions may affect the real traces.

2) We point out that transitions without correspondence relations
but with data dependencies should not be ignored as they may
affect the traces of the systems.

3) We minimize the number of traces in WFD-net systems based
on guard functions and data dependencies.

The rest of this paper is arranged as follows. Section 2
introduces some basic concepts used in this paper and provides
a motivating example. Section 3 defines control dependency, data
dependency and behavioral profile relations, order relation, firing
sequence, trace, correspondence relation, projected firing sequence
and trace consistency measurement method. Section 4 presents
experiments to show that guard functions and data dependencies
can affect the traces in WFD-net systems. Section 5 reviews the
related work about the existing consistency measurement methods.
Section 6 concludes this paper and presents future work.

2. Preliminaries and motivation

In this section, we first introduce some concepts about WF-net,
weak order relation, weak behavioral profile, and WFD-net. Some
symbols are demonstrated in Table 1. The related details can be
found in Li and Liu (2009), Weidlich and van der Werf (2012), Liu
et al. (2017), Liu et al. (2018), Xiang et al. (2021), and Zhao et al.
(2022a). Furthermore, a motivating example is given.
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TABLE 1 Common symbols used in this paper.

Symbols Descriptions

N Set of positive integers

BP Weak behavioral profile

MD Missing data

BP Behavioral profile

DTC Degree of trace consistency (Weidlich et al., 2011)
TCDW Trace consistency degree of WFD-net systems

2.1. Preliminaries

A Petrinet N = (P, T, F) as a tool is often used to simulate and
analyze the trace (i.e., firing sequences of transitions) of a workflow
system (Liu et al., 2019; Zhang et al., 2022), where P is a finite
non-empty set of places, T is a finite non-empty set of transitions,
PNT=g,andF C (P x T)U(T x P) is a set of arcs. Given a node
x € PUT, the preset of x is 'x = {y‘(y € PU T) al (y,x) € F} ,and
the post-set of xis x' = {y|(y € PUT)N(x,y) € F}. If x is the initial
place, it must satisfy 'x = @; If x is the final place, it must satisfy
x" = @. Given a set of nodes X € PU T and x € X, the preset of
X is denoted by "X, and the post-set of X is denoted by X', where
X={YI(YCPUT) A eY)A(yx) € Ffand X = {Y|(Y C
PUT)A(y € Y)A(x,y) € F}. In Figure 1A, if X = {ts, t}, we have
X = t5U 't¢ = {ps,ps},and X' = t; Uty = {ps,p7}. If we use k
to denote the preset number, then we have O ts = 't5 = {ps}, and
k =1 (resp. Ostg = (" (tg)) = {pa}, and k = 3). For the post-set
number of X, it can be defined analogously.

The following parts present the workflow net (WF-net), as a
special Petri net satisfying the following conditions (Liu et al,
2013).

Definition 1 [WF-net (Liu, 2014, 2022)]. Let N = (P,T,F) be a
workflow net (WF-net), if the following conditions hold:

(1) There exists only one place p; € P as begin and only one place
Po € Pasendin N; and

(2) The short-circuit net N* = (P, TU[t/] , FU’ (po, t/> , (t/,pi) ])

is strongly connected, where { ¢ T.

A WEF-net system (N, My) is a WF-net extended with an initial
marking My. The dynamic behaviors of workflow systems are
decided by distributing different markings. Figures 1A, B depict
two WE-net systems if the guard functions and data operations
are ignored.

In general, we can distinguish three basic weak behavioral
relations between transition pairs in a WF-net system, and they are
based on the concept of weak order relation (Weidlich et al., 2011).
Definition 2 [Weak order relation (Weidlich et al., 2011; Zhao et al.,
2022b)]. Given a WEF-net system (N, Mo) = (P, T, F, M), the weak
order relation >.C T x T contains transition pairs ty, ty € T,
there exists a weak firing sequence ¢ = tit; - - t,(ne N) with
(N,Mp) [0 >,x€{1,2,---,n—1},andx <y < n.

For the example of Figure 1A, we have t; >, f, and f, ¥ 1.
The set of all weak firing subsequences is denoted by T%, and
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FIGURE 1
Two shipper process models are shown in (A, B). There are no correspondences of tg, tig, and dg in (B).

T* = {oq)} U{op} U - U{o)}, where o(p) = ty ty, - - - tx,, and
tusteys - sty € T.

Based on the above definitions, weak behavioral profile between
two transitions is shown in the following.
Definition 3 [Weak behavioral profile, bp (Weidlich et al., 2011)].
Given a WF-net system (N, M) (P, T,F, My), a pair of
transitions fy,t, € T is in one of the following relations, where
ke{l,3,---,n},n=2m—1,and me N:

(1) Weak strict order relation (t, — ty),if(tx > ty)/\(t}, Fe tx) ;

(2) Weak exclusiveness relation (t, +c t,), if (tx e ty) A
(ty #c tx) s or

(3) Weak interleaving order relation (t |. t), if (tx —c ty) A
(t), >c tx). It contains the following two kinds:

1) Weak circulation relation (tx <> t), if (tx > ty) A
(ty = ) AN (U], Okty) 5 2) A5, N (U, Okt,) £
); or

2) Weak concurrency relation (ty = t,), if (tx > ty) A
(ty =cte) A (e N (UE_, Okty) ) A (£ N

k=1 f
(UZ:l (')ktX) = 2).

The above relations comprise the weak behavioral profile of
(N, My), denoted as bp = {bpl, bp, bp3}, where bp; =—, bpy =
+c and bps =||.. As for the inverse order relation of bp; [i.e.,
(tx #c ty) A () = tx)], we denote it as S0 or bp_1. If bty —c ty,
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then we have ¢, —>£71)

tx or (t),tx) = bp_;. The weak behavioral
profile relation is also called weak behavioral relation in this paper.
In Figure 1A, we have t; — t2, 3 +¢ t4, and 13 || f5. They

bp1, (t3,t4) = bpy, and (t3,15)

are denoted as (t;,1;)
bps, respectively.

A workflow net with data (WED-net) is a WE-net with every
transition ¢ € T labeled with four elements at most:

(1) Some data items need to be read before firing t;

(2) Some data items would be written after firing t;

(3) Some data items may be deleted after firing t;

(4) Some data items may be the guard functions of ¢ (optional).

The update of data items can be seen as the combination of
read/write operations on transitions. Furthermore, writing a data
item on a transition for the first time can be known as creating
the data item. We also assume that there are no read operations or
guard functions on the initial transition (Trcka et al., 2009; Sidorova
etal, 2011).

Definition 4 [WFD-net (Trcka et al., 2009; Sidorova et al., 2011)].
A WFD-net ND = (P, T, F, D, Guard, R, W, De, Gd) is a workflow
net (WF-net) extended with data, it consists of the following:

(1) (P,T,F)isa WF-net;
(2) Dis a different set of data items;
(3) Guard is a set of guards over D;

frontiersin.org
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(4) R:T — 2P is the read operation set;

(5) W:T — 2P is the write operation set;

(6) De:T — 2P is the delete operation set; and

(7) Gd:T — Guard is a function that assign guards to transitions.
A WFD-net system is a WFD-net with an initial

marking My, it can be denoted as (ND,My) =

(P, T, F, My, D, Guard, R, W, De, Gd). In the following, all workflow
systems are in the form of WFD-net systems. Figures 1A, B depict
two WFD-net systems.

2.2. Motivating example

This subsection takes two shipper process models as a motivating
example to illustrate our work, as shown in Figures 1A, B. There
are 5 same data items in these figures (i.e., cus, gds, des, price,
and bon, where cus denotes the data of customers, gds stands
for the data of goods, des represents the destination of goods,
price means the price of goods, and bon denotes the bonus), and
{isHigh (price) , —isHigh (price)}.
For the transition ts, its data operations and guard function are
R(ts) = {price}, W (t5) = {bon}, De (ts) &, and Gd(ts)
{isHigh (price)}, respectively.

the set of guards is Guard

Figure 1A describes a shipper process model in the shape of a
WED-net system. Firstly, shippers receive goods from customers
and write 3 data items, i.e., the data of customers and goods, and
the destination of goods. Then, shippers should calculate the price
by reading the data of goods and generating the price. Afterwards,
customer advisers and shipment departments execute their tasks
concurrently. If the goods’ price is high, express shipment is used
by reading the data of goods and the destination of the goods.
Under the same condition, customer advisors calculate the bonus
for customers by reading the price and producing the bonus. If the
price of goods is not high, normal shipment is taken by reading
the data of goods and the destination of goods, and there is no
bonus to calculate. If the customer advisors calculate the bonus
for customers, then they should register the bonus by reading the
data of customers and the bonus as well as generating new data
of customers. At last, customers who send goods are informed
by call.

Figure 1B shows a similar model to Figure IA. However,
there are some extra transitions (i.e., t9 and tj9) and data
items (i.e., d;) without any correspondences in Figure 1B. The
transition f9 represents Review Goods, the transition t9 denotes
Confirm Goods, and the data item d; stands for the quality of
the goods.

The method of DTC ignores those transitions without
correspondence, e.g., to and tjp in Figure 1B. Therefore, the
method of DTC is insensitive to these extended elements,
and the trace consistency degree of Figures 1A, B computed
by this method is 1. This result means that the traces in
the above figures are the same. However, these extensions
may produce data dependencies (cf. Def. 6) and affect the
real traces. Therefore, the DTC method may be inappropriate
for analyzing the real trace consistency degrees of WEFD-
net systems.
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3. Trace consistency measurement
based on data and behavioral profiles

Before introducing the trace consistency degree of two WFD-
net systems, we present control dependency and data dependency of
transition pairs in this section. Then, we illustrate trace and trace
consistency degree.

Definition 5 (Control dependency). Given two transitions ¢, and ¢,
in (ND, Mp), tyis control-dependent on ¢ if t; — t;.

When the specific read/delete operation of a transition is
derived from the write operation of another transition, we say there
exists a data dependency. The data dependency may affect the traces
in a model. The specific details are shown as follows.

Definition 6 (Data dependency). Given two transitions ¢, and ¢, in
(ND, Mp), ty is data-dependent on t, (i.e., ty — ¢ ty) if:

(1) There exists a data item d
D:[de W (t) N (R(t) UGd(ty))] A[d ¢ De(ty)]: and

(2) There is no transition t,, enabled between , and t;, such that
de W (ty) UDe(ty).

Let £, and £, be a pair of transitions derived from (ND, Mp). The
control dependency indicates there is a weak strict order relation
such that £y — t,. In Figures 1A, B, we have t; — ¢ t,. The control
dependency satisfies the transitivity. That is, if (t, —¢ t,) A (£, —
ty), then we have £, —. f,. A transition ¢, is data-dependent
on another transition £, implies that #, reads/deletes a data item
written by t,. If there is no data dependency between ¢, and ¢,
then we have t, ||g t,. In Figure 1B, to is data-dependent on t9 as
dg € W(ty) N R(t10) and there is no transition t,, enabled between
to and t19, such that d; € W(t,) N De(ty,).

Definition 7 [Distance between transitions in weak
circulation relation (Zhao et al, 2022a)]. Let (ND, M)
(P, T, F, My, D, Guard, R, W, De, Gd) be WEFD-net  system,
ety € Tty < ty, t € tY4, and t, € Ok, where t is
a transition outside the weak circulation relation with f, and

a

tys ki and ky are the minimum number of post-sets, such that
ki, ko € {2,4,---,2m}, and me N. The distance between ¢, and ty
is defined as § [ty, tx] =ky — kj.

For the example of Figure 2A, we have t,, <>, ty, and § [ty, tx]
ky — ki = 2.

3.1. Transition pairs behavioral relations in a
WEFD-net system

Before formalizing the relation of transitions f; and ¢, in
a WFD-net system, we first explain some relevant symbols
as follows:

(1) Rel(Gd (tx)) (resp. Rel(Gd (ty))) is the set of data items in
guards related to t, (resp. t,), and Rel(Gd (tx(d))) (resp.
Rel(Gd (ty(d)))) is the value of d in guards related to f, (resp.
ty); and

I"(Rel (Gd (tx))) (resp. T'(Rel (Gd (ty)))) is the set of final
values of data items in Rel (Gd (tx))(resp. Rel(Gd (ty))), and
I"(Rel (Gd (tx(d))))(resp. I'(Rel (Gd (ty(d)))) is the final value
of d in Rel (Gd (tx))(resp. Rel(Gd (ty ))).
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(@>0)A(b>0)

(a<0)A(b<0)

(a<0)A(b>0)

CICICd

FIGURE 2
(A) t, and t, are in weak circulation relation (i.e., ty <>¢ t,); (B, C) The
behavioral relation of t, and t, depends on their guard functions.

For the transition £, in Figure 2C, we have

(1) Rel(Gd (ty)) is {a, b}, and Rel(Gd (ty(a)))(resp. Rel(Gd (ty(b)))
isa > 0 (resp. b < 0) in guards related to t,; and

(2) T'(Rel (Gd (ty))) is the set of final values of {a,b} in
Rel(Gd (ty)), and I'(Rel (Gd (ty(a))))(resp. I'(Rel (Gd (ty(b))))
isa=3(resp.b =5—4=1)in Rel(Gd (ty )).

The transition pairs’ behavioral relations in a WFD-net system
depend on their weak behavioral relations, data dependencies, and
guard functions. The following behavioral relations compose the
behavioral profile of a WFD-net system.

Definition 8 (Behavioral profile, BP). Given a WFD-net system
(ND,My) = (P,T,F, My, D,Guard,R, W, De, Gd) and a pair of
transitions t,.t, € T, we have

(1) Strict order relation (£, —¢q ty), if

(tc llaty)]; or

D (=) Atk >aty) Vv
2) (e =) Aty —aty).

(2) Exclusiveness relation (ty +.4 ty), if

1) (tx +¢ ty) A (tx lla ty ) N

2) 1If (tx lla ty) Vo —>c ty) Vv (ty —>c tx)s
3d:d € Rel(Gd (ty)) N Rel(Gd(ty)), and
[Rel (Gd (t: (d))) N T (Rel (Gd (£« (d)))) = 2] v
[Rel(Gd (t, (d))) N

I (Rel (Gd (1, (d)))) =

3) If ty = ty,3d:d € Rel(Gd(tx)) N Rel (Gd (t,)), and
Rel (Gd (tx (d))) N Rel (Gd (t, (d))) = @.

or

(3) Interleaving order relation (ty ||c4 ty). It can be divided into the
following two kinds:

1) Circulation relation (ty <> ty), if (tx o, ty) A
[(t" lla t}’) A ((5 [t,v’ tx] > 0) A (tx —4 ty))]; or
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2) Concurrency relation (tx =4 t)), if

i) t. = t,and #d:d € Rel(Gd(t,))NRel(Gd(t,)); or
t ty» Rel(Gd(ty)) N Rel(Gd(t)))
{®}and Vd € D :[Rel (Gd (tx (d)))
T (Rel (Gd (tx (d)))) # @] A [Rel (Gd (t, (d)))
I'(Rel(Gd (t, (d)))) # @]o

These relations constitute the behavioral profile of (ND, M),
denoted as BP = {BPy, BP,, BP3}, where BP; =—> 4, BP;, = +,
and BP3 =||.4. We use BP_; or —>C_dl to show the inverse order

ii) =

N
N

relation of BP;. It’s worth noting that each transition pair can be in
a single behavioral relation.

As we know, Rel (Gd (t3 (prlce))) = Rel (Gd (t5 (price)))
Rel (Gd (ts (price))) {[isHigh (price)]} and
Rel (Gd (t4 (price))) = Rel (Gd (t7 (price))) = {[—isHigh(price)]}.

Therefore, we have Rel (Gd (t3 (price)))ﬂRel (Gd (t7 (price))) =g,
Rel (Gd (t4 (price))) N Rel (Gd (t5 (price))) = @, and
Rel (Gd (t4 (price))) N Rel(Gd (t6 (price))) = . According

to Def. 8, we have (f3,t;) = (f4,t5) = (f4.ts) = BP,, and
(t3,t5) (ty»t7) = BP3 in Figures 1A, B after taking these
guard functions into consideration. Without considering data

dependencies of transitions without correspondences, we have
(t3,t6) = BPs3 in Figures 1A, B. After considering the data item
dg, we know dg € W(tg) N R(tyo), and ty — c4t10 as tyg is data-
dependent on tg in Figure 1B. Therefore, we have (t3, ) = BP3 in
Figure 1A and (t3,%) = BP; in Figure 1B. In Figure 2B, if there
exists no data item d satisfying d € Rel(Gd (ty)) N Rel(Gd (ty)),

then we have t, =4 t,.
Definition 9 (Order relation). Let (ND, M) =
(P, T, F, My, D, Guard,R, W,De,Gd) be a WFD-net system,

the order relation £, > t, includes transitions £, and t, satisfying
one of the following conditions:

(1) tx — ty;
(2) te Z¢ ty;
(3) (t <c ty) A G

If some transitions lack data dependencies, there is a
missing data. Based on the above relation, we further formalize
missing data.

Definition 10 (Missing data, MD). Given a WFD-net system
(ND,My) = (P, T,F, My, D, Guard, R, W, De, Gd), T* is the set
of all weak firing subsequences, 30 € T*, and 3t,, € o :p;Ety,.

ty) tx] Z 0)'

A data item d € D is missing if one of the following conditions
is satisfied:

(1) 3, € T, Ve € o:(e>t) A [(dgW(t)) A
(d € De () UR (t,)))V((d ¢ W (t)UW (t,))A(d € De(t))))],
which is denoted by d < MD; or

(2) A € 0,3t € TV € Tt > 1) A (e > 1)) Aty = 1) A
[d € W (to) N (De () U De (t,)) N (R(t;) U De(t))] A (d <
R(ty)) A [d ¢ W (t,) UW (t)], which is denoted by d < MD,
where d < R (t,) denotes d € R (t,) ord ¢ R (t, ).

A missing data appears when a data item is read or deleted but
not written before (Meda et al., 2010), as shown in Figures 3A-
D. This error may affect the trace (Def. 12) in a WFD-net
system. If the missing data is not an ending error, we can
analyze the trace consistency of two WFD-net systems. As shown
in Figure 3B, we have t3

—4 b as 1 is data-dependent

on f3.
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Notice that, if [(tx — ty) A (ty —>4 tx)] Y
[(tr+ety) A(te > aty) Vv (5 = a )Vt < i) A(SlE, 1] >
0) A (ty —>4 ty)], there is a missing data. When the missing data
is an ending error, there is no point in analyzing the traces in two
WEFD-net models.

3.2. Firing sequence and traces in a
WEFD-net System

Before defining the trace, we present the definition of
firing sequence.
Definition 11 (Firing sequence). Given a WZFD-net system
(ND, My) (P, T, F, My, D, Guard, R, W,De, Gd), o;
tity - - - ty(ne N) is a firing sequence in (ND, M) if

(1) tx —>cqty, wherel <x <y < n;or
(2) txllca ty,wherel <x <y < n.

If tu —cq ty, then we denote it as tyt,. If £ |4 ty, then we
denote it as {(tx) (t))}. If tx llca ty> tx llca tr, and ¢, — 4 ¢y, then we
denote it as {(fy) (t,t,)}. As shown in Figure 1A, t1£2{(ts) (t7)}tg is a
firing sequence.

Definition 12 (Trace). Given a WFD-net system (ND, M)
(P, T, F, My, D, Guard, R, W, De, Gd), a trace in (ND, M)) is a firing
sequence o; = tfy - - - ty(n€ N). The set of all traces is defined as

¢ = Ui-‘:l {o;}, where k is the number of traces.

The definition of a trace depends on the firing sequence,
and there is no circulation relation by default. For the example
of Figure 1A, the traces are t15{(t3) (tstc)}ts and t;16:{(ts) (t7)}t3.
After then, we provide a way to compute the trace consistency
degree of two WFD-net systems.

3.3. Trace consistency measurement
method

Before providing the trace consistency measurement method,
we must introduce correspondence relation and projected firing
sequence in WFD-net systems. The correspondence relation of two

10.3389/fcomp.2023.1136057

WEFD-net systems relates their transitions to each other. In the
following, we formalize the correspondence relation.

Definition 13 [Correspondence relation (Weidlich et al., 2011)].
Let (ND],M()]) = (Pl, T1,F1,M()1, D], Guardl,Rl, Wl, Del, Gdl)
and (NDz, M()z) (Pz, Tz, Fz, M()z, Dz, Guardz, Rz, Wz, Dez, Gdz)
be two WFD-net systems. The non-empty correspondence relation
~C T; x T, aligns (NDy,My;) and (NDy, Myz) by relating
of

corresponding transitions to each other. T;” C Ti is a set
transitions with correspondences in (NDy, M) satisfying T}
{tx € T3, € Tr:ity ~ t,R(ty) = R(t), W(t)
W (t,),De(ty) = De(t)),Gd(t) = Gd(t,)}. The set T5 for
(NDy, M) is defined analogously.

For the examples of Figures 1A, B, the set of transitions with

correspondences in Figure 1A is T = {t1, 1o, t3, ty, t5, ts, 17, 13}
Definition 14 [Projected firing sequence (Weidlich et al., 2011)].
Let (ND],M()]) = (Pl, T1,F1,M()1,D1, Guardl,Rl, Wl,Del, Gdl)
and (NDz, M()z) = (Pz, Tz, Fz, M()z, Dz, Guardz, Rz, Wz, Dez, Gdz)
be two WFD-net systems. The projected firing sequence o™ is a
firing sequence that contains all transitions with correspondences.

As shown in Figure 1B, t1t2{(t3) (t5)}tets is a projected
firing sequence.

Definition 15 (Trace consistency degree of
WFD-net  systems, TCDW). Let (NDj, M) =
(P1, T1, F1, Moy, D1, Guardy, Ry, Wy, Dey, Gd, ) and

(ND2,Mo2) = (P2, T2, Fa, Moz, D2, Guardy, Ry, W, Dey, Gda) be
two WFD-net systems. They are aligned by ~. Let ¢} and ¢} be
the sets of all projected firing sequences, such that 0" € ¢;” and

0, € @5 be the sets of same projected firing sequences. The trace
_ oy I+loy |

consistency degree is defined as TCDW™ = TRESTAR
1

3.4. Trace consistency degree of WFD-net
systems

Notice that there are only 1:1 correspondence relation in
this paper. The transitions with correspondence relations read,
write and delete the same data items. Therefore, we use the
same transitions to denote them (e.g., transitions #; ~ tg in
Figures 1A, B). A trace consistency guarantees that the essential

A

t

t2 Rd
De:d

FIGURE 3

d is a missing data in (A-D).
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Input: Two WFD-net systens (ND;,Mp) and (NDy, Myz)
with the sets of projected firing sequences ¢
and ¢, and the sets of sane projected firing
sequences o, and o;".
Qut put: Trace consistency degree of two WFD- net
systens: TCDW™
1. TCDW™ =9, o =9, o, =9, ¢ =4, and
v, = 9,
2: for g,eq@ and ;e @,:ti ¢ g do
3 gl =g U ()
4: end for
5. for gyeqp and 3tjeg,:tj ¢ @1 do
6 ¢y =9y U (1)
7: end for
8: for Voo €g¢, 3o €¢; do
9: if o7 =0y then
10: o =0, U o,
11: el se
12: o = o
13: end if
14: end for
15: for Vo €¢;, E!a;erpf do
16: if U;zaf” t hen
17: oy =0, U af“;
18: el se
190 o, = o5
20: end if
21: end for
22: TCDW™ = (%l

Algorithm 1. Trace consistency degree of two WFD-net systems.

rotes are reserved among transitions with correspondences in two
WED-net systems. According to our method, the inconsistencies
manifest there exist traces without correspondence.

According to Def. 15, we propose Algorithm 1 to calculate the
trace consistency degree. This algorithm uses the sets of projected
firing sequences ¢;” and ¢;, and the sets of the same projected
firing sequences 0" and 0,” in two WFD-net systems as inputs, and
the trace consistency degree TCDW™ as outputs. Step 1 initializes
TCDW™, @7, 93, 01, and o,
taking Steps 2-7. o~ and o~ are derived from Steps 8-21. Finally,

@, and ¢} can be calculated by

the trace consistency degree TCDW™ is calculated according to ¢,
@5, 07 ,and 057, as shown in Step 22.

The number of firing sequences in (NDy, Mo;) is n1, and the
number of firing sequences in (ND,, My;) is #n2. The time cost of
finding projected firing sequences in (NDj, My;) and (ND», Mo2)
is n; + ny. Let n be the number of the max firing sequences in
these two models [i.e., n = max(ny,n2)], and then their projected
firing sequences can be found in O(n?). The calculation of trace
consistency degree is in linear time with the calculation of projected
firing sequences. Therefore, the time complexity of this algorithm
is O(n?).

According to the DTC method, there are 10 traces in
Figures 1A, B if data operations and guard functions are ignored.
The traces in Figures 1A, B are t16{(t3)(t5t6)}ts, t1t2{(ts)(ts5t6)} 3,
it {(t3)(t7)}ts, and tit2{(ts)(t7)}ts, as shown in Figure 4A.
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Therefore, the trace consistency degree of these two models
computed by the DTC method is 1.

However, there are 5 traces (resp. 4 traces) in Figure 1A
(resp. Figure 1A) when data operations and guard functions
are considered. The traces in Figure 1A are t16{(t3)(tsts)}ts,
tit2{(t4)(t7)}ts, and the traces in Figure 1B are t16{(t3)(t5)}tsts
and t112{(t4)(t7)}ts, as shown in Figures 4B, C. Therefore, the
trace consistency degree of these two models is TCDW™

444
£~ 0.889.

4. Experiments

To evaluate the trace consistency of eight pieces of pseudo-code
(i.e., Tables 2, 3), we use eight WFD-net systems to model them,
as shown in Figures 5, 8. Although the method of DTC (Weidlich
etal, 2011) can be used to measure the trace consistency degree, we
want to address the following three problems.

RQ1: How do guard functions affect the traces in WFD-
net systems?

RQ2: How do data dependencies affect the traces in WFD-
net systems?

RQ3: Is our method more effective in measuring the trace
consistency degree?

To answer RQ1-RQ3, we analyze the above-mentioned eight
WED-net systems. These systems include weak strict order
relations, weak exclusiveness relations, and weak interleaving order
relations. To compare our method with the DTC method, we
analyze the trace consistency degree of these models with guard
functions and data dependencies.

4.1. RQ1l: The effect of guard functions on
traces

As shown in Section 3, we know the guard functions may
change the behavioral relations. Therefore, we discuss the traces in
the general cases (e.g., Figure 5A) as follows:

(1) If there exists no data item d satisfying d € Rel(Gd(ty)) N
Rel(Gd(ty)), we have (2 llca ta) A(t2 llca t)A (83 llca t) A (13 llca
t5) in Figure 5A. The corresponding traces are illustrated in
Figure 6A.

If I' (Rel (Gd (tx))) = T'(Rel (Gd (ty))) then we have (2 ||
ty) A (t2 +eg t5) A (83 4cd ta) A (t3 |leg t5) In Figure 5A. The
corresponding traces are illustrated in Figure 6B.

It (Rel (Gd (tx))) = I'(Rel (—-Gd (t},))), then we have (t; +.4
ti) A (2 llea t5) A (3 |leg ta) A (83 +og t5) In Figure 5A. The
corresponding traces are illustrated in Figure 6C.

If Rel(Gd(ty)) N Rel(Gd(t)) = (D} and Vd €
D: [Rel(Gd(tx (d))) N T(Rel(Gd(t: () # @] A
[Rel (Gd (t, (d))) N T (Rel (Gd (t, (d)))) # 2], we have (£2 ||cq
ty) A (t2 +eg t5) A (83 +cd ta) A (83 +oq t5) In Figure 5A. The
corresponding traces are illustrated in Figure 6D.

If Rel(Gd(ty)) N Rel(=Gd(t))) = (D}, and Vd €
D: [Rel(Gd (tx (d))) N T(Rel(Gd(t: (d)))) # @] A
[Rel (—-Gd (ty (d))) N T'(Rel (—-Gd (t},( ))) #+ o], we have

frontiersin.org
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A B "
tita {(t3)(tste)  ts
()t} s tita (115t} i)t
trt {(t)(t7) s tita {(t4)(t7) s tit2 {(ta)(t7) }ts
tita {(ta)(t7) s

Figure 1B.

DTC (Weidlich et al., 2011) method: (A) shows the traces of Figures 1A, B. Our method: (B) reveals the traces of Figure 1A, (C) illustrates the traces of

TABLE 2 Four kinds of pseudo-codes with guard functions.

TABLE 3 Four kinds of pseudo-codes with data dependencies.

1 2 3 4 M : 2 |
{1} {t1) {1} {t1} {t1} {1}

Thread1() If (Gd(ty)) If (Gd(ty)) If (Gd(t,)) {t2} sint x d = new int, xd =3 Thread1()

If (Gd(ty)) Thread1() Thread1() Thread1() {t3} : c = d, delete (d) ,d =NULL {ta) sint xd = new int, xd =3
{12} (£} {t2} Y] {ts) Thread2()

Else Thread2() Thread2() Thread2() {3} : c = d,delete (d) ,d = NULL
{t3} If (Gd(t)) {t3} {ts) {ts} {ts}

Thread2() Thread3() Thread3() Thread3() {ty} rint x d = new int, xd =3 {t},} vintxd = newint, xd =3
If (Gd(t,)) {ts} {t3} {13} {0} {1}

{ty} Thread4() Thread4() Thread4() {ty} tint x d = new int, xd =3 Thread1()

Else {ts) {ts) {ty) {t3}: c = d, delete (d) ,d = NULL () intxd = newint, xd =3
{ts} End if End if End if (.} Thread2()

End if {te) (te} {te) {3} : ¢ = d, delete (d) ,d = NULL
{6} {ta)

(t2 +ea ta) A (82 llea ts) A (s +ed ta) A (83 +¢q t5) in Figure 5A.
The corresponding traces are illustrated in Figure 6E.

(6) If Rel(—Gd(ty)) N Rel(Gd(t))) = (D}, and Vd €
D :[Rel(=Gd (t, (d))) N T(Rel(—Gd(t, (d))) # @] A
[Rel (Gd (t, (d))) NT(Rel (Gd (t, (d)))) # @], we have (£ +cq4
ta) A (t2 +ca t5) A (83 llca ta) A (83 +cq t5) in Figure 5A. The
corresponding traces are illustrated in Figure 6F.

(7) If Rel(=Gd(ty)) N Rel(=Gd(t))) = {D}, and Vd €
D :[Rel(=Gd (t, (d))) N T(Rel(—Gd(t, (d))) # @] A
[Rel (—Gd (t, (d))) N T'(Rel (—Gd (t, (d)))) # @], we have
(t2 +ea ta) A (2 +cq t5) A (83 +cq ta) A (83 ||ea t5) in Figure 5A.
The corresponding traces are illustrated in Figure 6G.

In our method, Figure 6H shows the traces of Figure 5B,
Figure 6B shows the traces of Figure 5C, and Figure 6C shows the
traces of Figure 5D. Therefore, the traces in a WFD-net system
are more than one when their guard functions are uncertain, e.g.,
Figure 5A. Figure 7 shows the trace consistency degrees of models
in Figures 5A-D.

Frontiersin Computer Science

4.2. RQ2: The effect of data dependencies
on traces

In this subsection, we discuss the traces that may be affected
by data dependencies, as shown in Figure 8. Based on Def. 7, the
data dependencies in Figures 8A, C, D cannot change the traces.
Although we have d < MD in Figure 8B, the final place can be
reached. The data dependencies in Figure 8B can change the traces
if there is no locking mechanism. In a word, we have t, — 4 t3 in
Figure 8B. Therefore, the corresponding traces of Figures 8A-D are
shown in Figure 9. Figure 10 shows the trace consistency degrees of
models in Figures 8A-D.

4.3. RQ3: Comparison between different
trace consistency measurement methods

In this subsection, we present a comparison between
different methods for trace consistency measurements. The

frontiersin.org
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FIGURE 5
(A-D) are WFD-net models of Table 2.

t{(t)(ta)} t
t1{(t2)(ts)} s
t1{(ts)(ta) } s
t{(t)(ts) } t

(A) B)

t{(t2)(ta) } ts
t{(ts)(ts) } to

t1 {(t2)(ts)} ts

t1{(t:)(ta) } o t{(t)(ta) }ts

© (D)

t1 {(t2)(ts) } o t{(t)(ta) } 6

(E) ®

t {(t2)(t) o

t {(t:)(ts) }ts t1 {(ta)(ts) }t6

G) (H)

FIGURE 6

Figure 5C, and (C) shows the traces of Figure 5D.

DTC (Weidlich et al.,, 2011) method: (A) shows the traces of Figure 5A, (H) shows the traces of Figure 5B, (B) shows the traces of Figure 5C, and (C)
shows the traces of Figure 5D. Our method: (A—G) shows the traces of Figure 5A, (H) shows the traces of Figure 5B, (B) shows the traces of

comparison includes two methods in total. The DTC method
does not consider the trace consistency degree affected by
guard functions and data dependencies of transitions. The
results of our method (i.e., TCDW) take both sides into
consideration, especially when the values of guard functions
are uncertain.

In Figure 7, we can get 3 kinds of trace consistency degrees of
Figures 5A, C as the values of guard functions are uncertain, i.e.,
TCDW; = 0, 0.667 or 1. Figures 7, 10 present the comparison
results of the DTC method with the TCDW method on trace

Frontiersin Computer Science

consistency measurement. Obviously, our result is more reasonable
than the existing methods.

5. Related work

Consistency checking has become a critical technology in
checking how a process model is similar to another. It is
significant in the matching process models (Weidlich et al., 2012).
Existing studies on the measurements of consistency degree can
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Fig.5(A) | Fig5(A) | Fig5(A) Fig.5(B) | Fig.5(B) Fig.5(C)
and and and and and and
Fig.5(B) Fig.5(C) | Fig.5(D) | Fig.5(C) | Fig.5(D) Fig.5(D)
DTC 0 0.667 0.667 0 0 0
0 0.667 0.667
0 1
0 0
TCDW 0 0.667 0 0 0
0 0 0.667
0 0 0.667
0 0.667
FIGURE 7

Trace consistency degree measurement results by taking DTC (Weidlich et al., 2011) and TCDW methods

FIGURE 8
(A-D) are WFD-net models of Table 3.

be classified into two categories: with or without data. The
following parts review some related work about the existing
measuring methods.

5.1. Consistency degree of process models
without data

Consistency measurement is very important in process
alignment and process integration. It can be taken to detect
the deviations between the process models and corresponding
event logs. Recently, many researchers have focused on measuring

Frontiersin Computer Science

the consistency degrees of process models from the angle of
control flow.

Decker and Weske (2007) presented the standard for an
optimum consistency relation regarding a given compatibility
relation. They guaranteed that the implemented services’ behaviors
were compatible with others. Therefore, they checked the
consistency degree of specifications and service implementations.
After then, van der Aalst (2011) and van der Aalst et al. (2007)
depicted the conformity relationship between event logs and
process models. The consistency measurement techniques can
be used to compare the modeled behavior in the initial process
model with the observed behavior in event logs. The consistency
guarantees there is no contradiction between the two models (Rull
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et al., 2008). Rozinat and van der Aalst (2008) proposed a method
to check the consistency of an event log to a process model.
This method is based on monitoring real behavior. Unfortunately,
these studies cannot distinguish between slight inconsistencies and
complete inconsistencies.

Based on existing research, Weidlich and Mendling (2010),
Weidlich and van der Werf (2012), and Weidlich et al. (2011)
solved this problem. They defined behavioral profile relations that
can capture the behavioral restrictions of a model. Moreover, they
put forward the trace consistency as the number of the same
traces in two models to the number of traces with transitions in
correspondences. Additionally, based on correspondence relations,
they defined the profile consistency degree. They also illustrated
that consistency-checking technology states how the real behavior
is consistent with the observed. After then, Nagel et al. (2013)
described process model quality constraints that can be taken to
obtain consistency among the goals and the process models. van
der Aa et al. (2015) used natural language processing techniques
to recognize the inconsistencies between textual descriptions and
relevant process models. Awadid and Nurcan (2016) reviewed
the existing consistency measurement methods. One aim of their
research is to master the inter-model consistency issue. Besides,
Wang et al. (2018) proposed relation profile methods to analyze
the consistency degrees of different process models. Although
these consistency measurement methods have been proposed,
they mostly rely on detecting the consistency decrease caused by

titatsty t1(t2)(t3) s

FIGURE 9

DTC (Weidlich et al.,, 2011) method: (A) reveals the traces of

Figures 8A, C, (B) shows the traces of Figures 8B, D. Our method: (A)
illustrates the traces of Figures 8A-C, (B) shows the traces of

Figure 8D.

10.3389/fcomp.2023.1136057

the difference in process models. They have not taken the data
dependencies or guard functions into consideration.

5.2. Consistency degree of process models
with data

Generally speaking, the consistency degree of process models
in workflow systems would be affected by the data. Song et al.
(2013) and Song and Jacobsen (2015) proposed a way to calculate
the consistency degrees between conceptual and executable process
models. At the same time, they developed a tool named COCO
to quantitatively calculate the consistency degree. After then, they
measured the trace consistency degree between the two models on
account of control dependence and data dependence and provided
a new computing method to quantify the trace consistency (Song
et al., 2021). Based on the program dependency graphs, Zhang
etal. (2018) and Zhang et al. (2019) proposed a systematic method
to check consistencies between different BPEL processes. They
identified that the data dependencies can affect the consistency
degrees of different models. They took advantage of activity
constraint graphs to calculate the consistency degree of models
with control flow and data-flow information. After taking their
methods, we can distinguish different event constraints and check
the consistency of conceptual and logical process models.

However, these studies are mainly based on analyzing the
consistency of physical processes with read/write operations.
They have not considered that the guard functions may affect
the trace consistency degree. Usually, the transitions without
correspondence relations but with data dependencies are ignored
by them, too. However, all of them may affect the real trace
consistency degree. By comparison, our measurement methods can
solve these problems.

6. Conclusions and future work

The trace consistency measurement is important to service-
based workflow net systems. This paper presents the behavioral
profile relation in a WFD-net system, and provides a new way to
calculate the trace consistency of two WFD-net systems. Compared
with the DTC method, the advantages of our method are shown as

Fig.8(A) Fig.8(A) Fig.8(A) Fig.8(B) Fig.8(B) Fig.8(C)
and and and and and and
Fig.8(B) Fig.8(C) Fig.8(D) Fig.8(C) | Fig.8(D) Fig.8(D)
DTC 0.667 1 0.667 0.667 1 0.667
TCDW 1 1 0.667 1 0.667 0.667

FIGURE 10

Trace consistency degree measurement results by taking DTC (Weidlich et al,, 2011) and TCDW methods.
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follows. Firstly, we illustrate that the guard functions may affect the
traces in two WFD-net systems. Therefore, the trace consistency
degree is non-uniqueness when the values of guard functions are
uncertain. Secondly, we point out that the transitions with or
without correspondence but with some data dependencies can
also affect the traces and the real trace consistency degree. Some
experiments on WFD-net systems above demonstrate that our
method is more efficient in measuring trace consistency than the
existing method.
This paper shows some directions for future research:

(1) Our methods need to be improved so as to measure the trace
consistency between transitions in WFD-net systems extended
with complex correspondence relations;

(2) Some measures should be taken to repair control/data-flow
errors as they may affect the actual traces; and

(3) We need to develop a tool to help us calculate trace
consistency automatically.
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