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Abstract Notwithstanding the business process modelling
notation (BPMN) has gained increasing popularity in the con-
text of business process management; a foundation for veri-
fying the equivalences of BPMN processes remains an open
research problem. The capacity to prove that two structur-
ally different graphical representations of a business process
are behaviourally equivalent using mathematical founded
methods is important during the modelling and design of
workflows. In this study, various forms of equivalences are
formally defined and studied.
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1 Introduction

Business process modelling notation (BPMN) [1,2], which is
a graphical modelling language, has established itself as the
lingua franca for documenting, visualizing, specifying and
designing business processes [3]. BPMN developed initially
by business process management initiative is currently main-
tained by the Object Management Group. When compared
with BPMN 1.0 [1], major modifications in BPMN 1.1 [2]
encompass

(1) the classification of events into catching events and
throwing events; and

(i) the introduction of a new construct signal event for
broadcasting a signal to other processes and business
process diagrams.
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As BPMN becomes more prevalent in the modelling of
business processes, establishing a principled method to deter-
mine when two BPMN processes are behaviourally equiva-
lent is crucial in the course of process design. However, little
research is done for advancing our understanding on this fun-
damental issue. This work is concerned with how mathemati-
cal techniques are adopted as a solid basis for the equivalence
checking of BPMN processes.

The remainder of this paper is structured as follows.
Section 2 concentrates on a critical review of the literature.
Section 3 is devoted to a summary of the graphical constructs
of BPMN. A formalization of BPMN processes is the pri-
mary focus of Sect. 4. Section 5 presents a formal descrip-
tion of various forms of equivalences with regard to BPMN
processes. The practicality of the proposed equivalences is
demonstrated by means of an elaborated example. Section 6
summarizes the major results of our endeavour and outlines
directions for further research.

2 Related work

Numerous studies in the literature deal with the simulation,
analysis and verification of business processes expressed as
BPMN 1.0. Bog et al. [4-7] convert the business process
diagrams of BPMN into the m-calculus. The m-calculus rep-
resentations are then simulated and analysed using PiViz-
Tool [4-7]. In the same spirit, Puhlmann [8] encodes BPMN
models in the m-calculus and utilizes Advanced Bisimu-
lation Checker (ABC) [9] for verifying the correctness of
the m-calculus specifications. Ou-Yang and Lin [10] use
BPEL4WS as intermediate representations when transform-
ing BPMN models into Colored Petri-net XML (CPNXML).
The CPNXML representations are verified against various
properties using CPN Tools [11]. Raedts et al. [12] define
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semantic mappings between BPMN models and Petri nets as
well as between Petri nets and mCRL2 in order to determine
the validity of BPMN models. The work of Dijkman etal. [13,
14] formalizes BPMN models in the form of Petri nets for
analyzing with ProM framework. Wong and Gibbons [15]
adopt communicating sequential processes (CSP) [16] as the
semantic domain for a subset of BPMN graphical constructs.
The failure-divergence refinement (FDR) model checker [17]
is employed for examining the compatibility between BPMN
processes. Although a fairly large body of literature exists on
BPMN, there are marked discrepancies between these prior
contributions and our work as:

(1) These earlier studies are primarily focused on the sim-
ulation, analysis and verification of BPMN rather than
BPMN process equivalences. Specifically, the subject
of our work is on establishing a taxonomy of equiva-
lences for BPMN processes. Formal description of a
theory of equivalences related to BPMN processes is
presented.

(ii)) The foundational work for the proposed equivalences
is based on BPMN 1.1 in lieu of 1.0. BPMN 1.1 is
distinct from BPMN 1.0 in several respects:

(a) the use of catching event and throwing event to
differentiate between the two different notions;

(b) the incorporation of signal event into the BPMN
1.1 specification; and

(c) the modification of the representations for graph-
ical constructs including multiple instance
marker as well as multiple event.

Other closely related studies encompass [18-20]. Gruber
[18] and Eder et al. [19] explore the semantically equiva-
lent transformations of workflows. Despite both Gruber et al.
[18,19] and our work are based on semantics-preserving
transformations, substantial differences lie in two fundamen-
tal aspects:

(1) The emphasis of our work is on the equivalences
of BPMN processes, whereas the studies of Gruber
et al. [18,19] deal with the equivalences of structured
workflow graphs. Unlike structured workflow graphs,
BPMN supports a wider range of notational elements
such as start events, end events, intermediate events,
transactions, complex decision gateways, message
flows, associations, data objects, groups, text anno-
tations, pools and lanes.

(i) Contrary to Gruber et al., some BPMN specific
equivalences are propounded in our work. These equi-
valences build upon BPMN graphical constructs
including none start events, complex decision gate-
ways and conditional sequence flows.
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Our earlier attempt [20] exploits a disciplined approach
for the classification of different kinds of equivalences for
UML activity diagrams. Nevertheless, research concentrat-
ing on the equivalences of BPMN processes defined in terms
of BPMN 1.1 specification is given little attention. The aim
of this work is to address this neglected area by studying the
various forms of equivalences along with their properties.

3 An overview of BPMN

In BPMN, a process consists of graphical constructs that are
broken down into four categories: flow objects, connecting
objects, swimlanes and artifacts. The flow objects and con-
necting objects are notational elements for specifying the
behaviour of a process. The swimlanes are graphical con-
structs for separating and organizing the graphical elements
of a process. The artifacts are dedicated to the specification
of extra information which does not associate with both the
sequence and message flows of a process [2].

As shown in Figs. 1 and 2, the three types of flow objects
are: events, activities and gateways. A start event triggers
the commencement of the flow of a process by generating
a token. An end event consumes the token and represents
the end of the flow of a process. A none start event means
that the event type is not specified or indicates the start of a
subprocess when the flow is moved from its parent process
to it. A message start event, timer start event, conditional
start event and signal start event are triggered, respectively,
upon receipt of a message, when a particular time date is
reached, whenever a condition holds and on receiving a sig-
nal. A multiple start event signifying more than one triggers
is capable of starting a process.

A none end event represents the event type is not defined
or the completion of a subprocess in which the flow is trans-
ferred from it to its parent process. A message end event,
an error end event, a cancel end event, a compensation end
event, a signal end event and a terminate end event sym-
bolize the sending of a message to a participant, the gen-
eration of a named error, the cancellation of a transaction,
the performing of a compensation, the broadcasting of a sig-
nal and the immediate termination of all flows in a process,
respectively. A multiple end event indicates more than one
results occur when a process ends.

A none intermediate event is used when the event type is
not specified. A message intermediate event, a timer interme-
diate event, an error intermediate event, a cancel intermedi-
ate event, a compensation intermediate event, a conditional
intermediate event, a link intermediate event and a signal
intermediate event signify, respectively, the receipt of a mes-
sage from a participant, the reaching of a particular time date,
the catching of a named error, the receipt of a cancel mes-
sage, the catching of a compensation event, the holding of
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Fig. 1 BPMN notational
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Fig. 2 BPMN notational elements (continued)

a condition, the catching from a source link and the receipt
of a signal when the intermediate events are used for catch-
ing event triggers. A multiple intermediate event, which is
used for catching an event trigger, represents more than one
triggers can resume a process.

A message intermediate event, a compensation intermedi-
ate event, a link intermediate event and a signal intermediate
event indicate the sending of a message to a participant, the
throwing of a compensation event, the throwing to a target
link and the sending of a signal if the intermediate events
are used for throwing event triggers. A multiple intermediate
event, which is used for throwing an event trigger, symbolizes
more than one triggers are thrown.

There are two types of activities: tasks and subprocesses.
A task is an activity that is not decomposable and does not
contain any other activities. In contrast, a subprocess is an

and consists of a set of other activities. A subprocess is either
represented as a collapsed view or an expanded view. In a col-
lapsed subprocess, all the details are hidden and only a plus
sign is shown. On the contrary, all the fine details are visible
in an expanded subprocess. A transaction is a special kind
of subprocess in which all its activities are regarded as an
atomic unit that is either complete or cancel. All the activi-
ties within a transaction are reverted, compensation activities
are executed and a cancellation handler is performed upon
receipt of a cancellation event.

A data-based exclusive decision gateway is composed of
one incoming sequence flow and two or more mutually exclu-
sive outgoing sequence flows. Each outgoing sequence flow
is associated with a corresponding conditional expression
evaluated merely at runtime. In accordance to which con-
ditional expression evaluates to true, a token is sent on one
of the mutually exclusive outgoing sequence flows when-
ever a token is received from the incoming sequence flow. A
data-based exclusive merge gateway comprises two or more
mutually exclusive incoming sequence flows and one outgo-
ing sequence flow. Upon receipt of a token along one of the
incoming sequence flows, a token is offered to the outgoing
sequence flow.

An event-based exclusive decision gateway connects the
outgoing sequence flows to events. A token is sent on one of
the mutually exclusive sequence flows according to the first
received event. An event-based exclusive merge gateway, like
a data-based exclusive merge gateway, emits a token along
the outgoing sequence flow on receiving a token from one of
the incoming sequence flows.

In contrast to a data-based exclusive decision gateway,
an inclusive decision gateway sends a token on all outgo-
ing sequence flows which conditional expressions evaluate
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Fig. 3 BPMN notational elements (continued)

to true. Every outgoing sequence flow is completely indepen-
dent of any other outgoing sequence flows in lieu of mutu-
ally exclusive. An inclusive merge gateway waits until all
the tokens generated by a corresponding inclusive decision
gateway are received before the traverse of a token along the
outgoing sequence flow.

A complex decision gateway, which is based on an expres-
sion, determines which one of the possible sets of outgoing
sequence flows is selected. A complex merge gateway makes
use of an expression for deciding which one of the possible
combinations of incoming sequence flows is needed in order
to continue the process flow.

A parallel fork gateway receives a token along the incom-
ing sequence flow, splits the token apart and sends them on
all outgoing sequence flows for modelling concurrent flows.
A parallel join gateway blocks until a token is received from
each incoming sequence flow, merges the token together and
emits it along the outgoing sequence flow.

The three kinds of connecting objects are: sequence flows,
message flows and associations (Fig. 3). A sequence flow
links up a source flow object and a target flow object. A token
is generated by the source flow object at the end of its execu-
tion. Then the token traverses the sequence flow and arrives
at the target flow object eventually. A normal flow is a flow
that commences at a start event, passes through a number of
gateways and terminates at an end event. Unlike a normal
flow, an uncontrolled flow is a flow that does not pass over
any gateways. A conditional flow, which is a sequence flow, is
associated with a conditional expression. The mini-diamond
marker is only shown when the source flow object is an activ-
ity instead of a gateway. A default flow is fired whenever all
the conditional expressions of the other outgoing conditional
flows evaluate to false.

A message flow captures the message exchanged between
two participants that take part in an interaction. The source
and target objects of a message flow are limited to the fol-
lowing combinations [21]: (i) two different pools; (ii) a pool
and a flow object of another pool; and (iii) the flow objects
of two different pools.

In BPMN, there are three pre-defined artifacts: data
objects, groups and text annotations (Fig. 4). A data object
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Fig. 4 BPMN notational elements (continued)

defines what the input or output of an activity is. A group is a
graphical construct for grouping the notational elements of a
BPMN diagram as a category. A text annotation gives extra
information to the reader in the form of text description.

An association connects an artifact with a flow object
(Fig. 3). A directed association indicates whether a data object
is considered as the input or output of an activity. An asso-
ciation, which is non-directional, is utilized for attaching a
text annotation with a flow object.

A pool stands for a participant. It serves as the container
of a process. Every pool comprises at minimal one lane. Each
lane has a distinct name as delineated in Fig. 4. On the con-
dition that a pool contains just one lane, the lane name is
identical to the pool name.

4 Formal model of BPMN processes

The formal rigour, which is essential for studying a variety of
equivalences of BPMN processes, is absent from the BPMN
1.1 specification. This section seeks to provide a mathemat-
ical model for BPMN processes which lays the foundational
work for categorizing equivalences of BPMN processes. The
proposed model considerably extends our previous one intro-
duced in [21] in two perspectives. First, the BPMN 1.1 speci-
fication, which is the latest version, is adopted as the basis for
developing the proposed formal model in lieu of the BPMN
1.0 specification. Second, the whole set of notational ele-
ments of flow objects, the sequence flows, message flows and
directed associations of connecting objects as well as the data
objects of artifacts are covered in the current model instead
of confining to a subset of the graphical constructs. We do not
consider non-directed associations, groups and text annota-
tions as they are notational elements which are not concerned
with the behavioural aspect of BPMN processes.
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Definition 1 (Start-event tuple) A start-event tuple is a
N Msg T Sign - Multi
6-tuple Qg = (F§R", Fgp' s Fep™™, Feg™, Fg, Fs'™)

where

- F glgne is a set of none start events for catching the event
triggers;

- F l;/gg is a set of message start events for catching the event
triggers;

- F ggner is a set of timer start events for catching the event
triggers;

- F (Sjgnd is a set of conditional start events for catching the
event triggers;

- F S}Egn is a set of signal start events for catching the event
triggers; and

- F g’lﬁmi is a set of multiple start events for catching the
event triggers.

A start-event tuple contains six kinds of start events
comprising none, message, timer, conditional, signal and
multiple.

Definition 2 (Intermediate-event tuple) An intermediate-
. Msg Msg Ti
event tuple is a 15-tuple Qg = (FY™, Fip 5, Fip &, FImer,
Err pCncl pCmpen  Cmpen pCond pLink pLink 5Sign
Fig, Figos Fig s Fig L Fig s Fig s Fig s Fig s
Sign ZMulti  Multi
Fie ' Fig™s Fig ) where

- F Hf“e is a set of none intermediate events for catching
the event triggers;

- F i\ésg is a set of message intermediate events for catching
the event triggers;

- F ?ésg is a set of message intermediate events for throwing
the event triggers;

- F ITémer is a set of timer intermediate events for catching
the event triggers;

- F Fér is a set of error intermediate events for catching the
event triggers;

- F %‘Cl is a set of cancel intermediate events for catching
the event triggers;

- F gzmp “ is a set of compensation intermediate events for
catching the event triggers;

- F ICEmpe“ is a set of compensation intermediate events for
throwing the event triggers;

- F ICFfmd is aset of conditional intermediate events for catch-
ing the event triggers;

- F {“énk is a set of link intermediate events for catching the
event triggers;

— FLI% is a set of link intermediate events for throwing the
event triggers;

- F Iségn is a set of signal intermediate events for catching
the event triggers;

- F f’égn is a set of signal intermediate events for throwing
the event triggers;

- F %I’f:um is a set of multiple intermediate events for catching
the event triggers; and

- F i\é"m is a set of multiple intermediate events for throwing
the event triggers.

In BPMN, there are ten kinds of intermediate events for
catching the event triggers and five types of intermediate
events for throwing the event triggers. The notion is captured
formally in form of an intermediate-event tuple.

Definition 3 (End-event tuple) A end-event tuple is a 8-tuple
_ None Msg Err Cncl Cmpen Sign Term
QEE_(FEE’FEE’FEE’FEE’FEE » Feg s Feg's

F I]::/Ié‘]‘i) where

- F Il::’g“e is a set of none end events for throwing the event
triggers;

- F glgg is a set of message end events for throwing the event
triggers;

- F Eg is a set of error end events for throwing the event
triggers;

- F gﬁd is a set of cancel end events for throwing the event
triggers;

C . . .
— Fgp™™" is a set of compensation end events for throwing

the event triggers;

- F ]S;Egn is a set of signal end events for throwing the event
triggers;

- F E%rm is a set of terminate end events for throwing the

event triggers; and

- F %’%’m is a set of multiple end events for throwing the
event triggers.

An end-event tuple divides end events into the following
categories: none, message, error, cancel, compensation, sig-
nal, terminate and multiple.

Definition 4 (Event tuple) Suppose I'sg = {None, Msg,
Timer, Cond, Sign, Multi}, I'gg = {None, Msg, Err, Cncl,
Cmpen, Sign, Term, Multi}, I';g = {None, Msg, Timer, Err,
Cncl, Cmpen, Cond, Link, Sign, Multi}, I'fg ={Msg, Cmpen,
Link, Sign, Multi}, Fsg = U;crg. Fég» FEE = Uiery Fi:
; i
Fie = Uierpury) Fies FE = Uiese ey Fi Sg' isaset
of event attributes and Sé“v is a set of event attribute val-
ues. An event tuple is a 4-tuple Qg = (2sE, QUE, QEE, CIDQI‘)
where

— QgE is a start-event tuple;
— Qg is an intermediate-event tuple;
— Qgg is an end-event tuple; and
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— @AM : Fg x S — SR relates an event and an event
attribute to an event attribute value.

We define a function ®2" which returns the event attri-
bute value for a particular event attribute of an event. An
event tuple is specified in terms of a start-event tuple, an
intermediate-event tuple, an end-event tuple and a function
ot

Definition 5 (Task tuple) Suppose M1, represents the loop
marker, My represents the multiple instance marker, M ¢
represents the compensation marker, the valid combination
of markers for tasks S¥[ ={{Mr},{Mwm}, {Mc},{My, Mc},
{Mw, Mc}}, the types of BPMN tasks I't = {Service,
Receive, Send, User, Script, Manual, Reference, None} and
STNames 18 @ set of task names. A task tuple is a 4-tuple Qr
= (F1, P1t™; Priype> D TName) Where

— Fris a set of tasks;

- Om: Fr— Sll\f[ defines for a task its set of markers;
— Oriype : F'7 — D't returns the type of a task; and

— ®OTName : FT — STNames Maps a task to its name.

Definition 6 (Subprocess tuple) Suppose Mcsp represents
the collapsed subprocess marker, M1 represents the loop
marker, My represents the multiple instance marker, M Ap
represents the ad hoc marker, M ¢ represents the compensa-
tion marker, the valid combination of markers for collapsed
subprocesses S¢gp = {{Mcsp}, {Mcsp, ML}, {Mcsp, M},
{Mcsp, Map}, {Mcsp, Mc}, {Mcsp, ML, Map}, {Mcsp,
My, Mc}, {Mcsp, Mm1, M ap}, {Mcsp, Mmi, Mc}, {Mcsp,
Mc, Map}, {Mcsp, ML, Map, Mc}, {Mcsp, Mm1, M ap,
M }}, the valid combination of markers for expanded sub-
processes Sygp = {{}, (ML}, (M), (Map}, {Mc}, (M,
Map}, (ML, Mc}, {Mm1, Map}, {Mm1, Mc}, {Mc, Map},
{My,, M ap, Mc}, {Mwm1, Map, Mc}}, Sxp is a set of none-
start-events processes, Sp is a set of processes and B is the
set of Boolean values. A subprocess tuple is a 10-tuple Qsp
= (Fbed, pReuse PR @rx, Dspu, Pgy’s Ppyy  Onps
Op, Orp) where

F E{,’lbed is a set of embedded subprocesses;

- F ls{}‘iuse is a set of reusable subprocesses;

- F l;gf is a set of reference subprocesses;

- Oprx : F Eg]bed UF gﬁ“se UF ‘;gf — B returns whether a
subprocess is a transaction or not;

. rEmbed Reuse Ref M M :
- Ggpm : Fgp™t U Fsp U Fgp — Sggp U Stgp speci-
fies for a subprocess its set of markers;

Bd
— D¢’ {x|x € (FERPUFES™S) A dspm(x) € SNgp) —

2FsE returns the set of start events attached to the bound-
ary of an expanded subprocess;
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Bd
D {xlx € (FERPIUFRES) A dspu(x) € SNyp) —

2FEE returns the set of end events attached to the boundary
of an expanded subprocess;
— Onp : FEMPd — S\p returns the associated none-start-
events process;
dp: F 1;5“53 — Sp returns the called process; and
. Ref i
= Orp : Fsp' = Uic(Bmbed Reuse Ref) Fsp returns the sub-
process being referenced.

A task tuple and a subprocess tuple comprise a collection
of functions as well as, respectively, a set of tasks and sets
of embedded subprocesses, reusable subprocesses and ref-
erence subprocesses. There are three kinds of task markers:
loop markers, multiple instance markers and compensation
markers. Likewise, four subprocess markers are allowed to
use in both collapsed subprocesses and expanded subprocess-
es. These encompass loop markers, multiple instance mark-
ers, ad hoc markers and compensation markers.

Definition 7 (Activity tuple) Suppose I'sp = {Embed,
Reuse, Ref}, I';g = {None, Msg, Timer, Err, Cncl, Cmpen,
Cond, Link, Sign, Multi}, I'n.c = {None, Link, Cncl}, I'np.
= {None, Link}, Fpo = Fr U |J Flp, STx = {x|x €

iel'sp

Userg Flip A®rerx (x) = true}, SA"is a set of activity attri-
butes and Sﬁ“v is a set of activity attribute values. An activ-

ity tuple is a 5-tuple Q5 = (QT, Qsp, @?éiy[_TX], CD?Edy[TX],

P4") where

— Qr is a task tuple;
— Qgp is a subprocess tuple;

- CD?};M_TX] P FaA\STX — ZUiEFlE\FNLC Fe returns the set
of intermediate events attached to the boundary of an

activity that is not a transaction;

Bdy[TX ; i .
- & yITxT Stx — 2U’€rIE\FNL FiE returns the set of inter-

mediate events attached to the boundary of a transaction;
and

— QAN Fp x SR — SRV returns the activity attribute
value of an activity and an activity attribute.

A task tuple, a subprocess tuple and a number of functions
constitute an activity tuple. None intermediate events and
link intermediate events cannot be attached to the boundary
of an activity or a transaction. Additionally, cancel interme-
diate events are restricted to be placed on the boundary of a
transaction.

Definition 8 (Exclusive gateway tuple) An exclusive gate-
way tuple is a 4-tuple Qxg = (FRpg. FRva: Fipg: Fimg)
where

- F QDG is a set of data-based exclusive decision gateways
(DXDGs);
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- F QMG is a set of data-based exclusive merge gateways
(DXMGs);

- F EDG is a set of event-based exclusive decision gateways
(EXDGs); and

- F ')E(MG is a set of event-based exclusive merge gateways
(EXMGs).

Sets of data-based exclusive decision gateways, data-
based exclusive merge gateways, event-based exclusive deci-
sion gateways and event-based exclusive merge gateways
form an exclusive gateway tuple.

Definition 9 (Inclusive gateway tuple) Aninclusive gateway
tuple is a 2-tuple Qg = (F1pg, F1imc) where

— F1pg is a set of inclusive decision gateways (IDGs); and
— F1Me is a set of inclusive merge gateways (IMGs).

Definition 10 (Complex gateway tuple) A complex gateway
tuple is a 2-tuple Qcg = (Fepag, Fomg) where

— Fcpg is a set of complex decision gateways (CDGs); and
— Fcmg 1s a set of complex merge gateways (CMGs).

Definition 11 (Parallel gateway tuple) A parallel gateway
tuple is a 2-tuple Qpg = (Fprg, Fpijg) where

— Fprg is a set of parallel fork gateways (PFGs); and
— Fpjc is a set of parallel join gateways (PJGs).

Definition 12 (Gateway tuple) Suppose I'xg = {XDG,
XMG}, TI'ig = {IDG, IMG}, I'cc = {CDG, CMG},
I'pc = {PFG, PIG}, Fx6 = Uiepgy Ujery Fj» F16 =
Uier‘[g Fi, Fcg = UiGFCG Fi, Fpg = UierpG ki, Fg =
Uiexa.16.co.pa) Fis SAU is a set of gateway attributes and
Sé"v is a set of gateway attribute values. A gateway tuple is

a S-tuple Q¢ = (2xa. G, Qcg, g, PAY) where

— Qxg 1s an exclusive gateway tuple;

— Qg is an inclusive gateway tuple;

— Qcg is a complex gateway tuple;

— Qpg is a parallel gateway tuple; and

— QA% Fg x SAY — SAWY defines for a gateway and
a gateway attribute the corresponding gateway attribute
value.

The two types of inclusive gateways are: inclusive deci-
sion gateways and inclusive merge gateways. There are two
sorts of complex gateways: complex decision gateways and
complex merge gateways. A parallel gateway tuple is com-
posed of sets of parallel fork gateways and parallel join gate-
ways. By combining an exclusive gateway tuple, an inclusive

gateway tuple, a complex gateway tuple, a parallel gateway
tuple and a function ®A", a gateway tuple is obtained.

Definition 13 (Connecting-object tuple) Suppose I'jy =
{Msg, Msg, Timer, Cond, Link, Link, Sign, Sign}, ree —

IE =
{None, Msg, Msg, Timer, Cmpen, Cmpen, Cond, Link, Link,
. o Bdy[-C
Sign, Sign}, Sgp = Uze{EA G F;, SIEY[ mpen]

Bdy[—-TX] Bdy[TX]
UAE(FTUU[GFSP SP\STX) (b (A) U UTXESTXq)IE

(Tx) \ Fg Cmpen is the set of non-compensation intermedi-
ate events attached to activities and transactions, SCmpen =
{x|xe FTAMc € dm(x)) V (x € UlEFsp FSP ANMc e
Dspm(x))} is the set of activities with the compensation

NF[src] __ i i
marker, Sg = Uigrsm Fg \ (UAE(FTUUiel‘SP Fgp\STxX)

Bdy[—TX] Bdy[TX] . .
QDIEy (AU UTxeSTX D YU (T x)) is the set of inter-
mediate events that are sources of normal or uncontrolled

NF[trg] i )
flows, Si" " = Ujcrzr Fie \ (Une(rrUierg, Fip\Sto)

Bdy[— TX] Bdy[TX] . .
CDIEy (A)U UTxESTX D YU (T x)) is the set of inter-
mediate events that are targets of normal or uncontrolled
flows, SA is a set of connecting object attributes and SAY
is a set of connecting object attribute values. A connecting-
objecttupleisa7-tuple Q2c = (Apo, CsF, Cbas Scond> PCond,
Prspr, PAY) where

— Apo is a set of data objects;
C Bd
~ Csp S (Sp\ (FEEUSK T U FIp) U (U pe plimtes Ppg’

(P) U st Cmpend g gRFETely) 5 (S \ (Fsg U Fip)
U (UPGFEmbed d> (P) U SNF[trg )) is a set of sequence
flows (SFS

Cmpen

— Cpa C (FA X Apo) U (Apo X Fa) U (Fg
is a set of directed associations;

— Scond 18 a set of conditions;

— ®cond : CsF — Scond returns the condition of a sequence
flow;

x Fp)

— ®pr : Csp — B returns whether a sequence flow is a
default sequence flow; and

- QA Uieise.pa) Ci % Sat — relates a connecting
object and a connecting object attribute to a connecting
object attribute value.

AtV
SC

In Definition 13, the expressmn (Sk \ (Fgg U SCmpen U

FiE) U (U pepipea PPV (p) U SpI-Cmpen SNF stel)
states that

(1) an end event cannot be a source flow object with the
exception that it is attached to the boundary of an
expanded subprocess; and

(i) a compensation activity does not have any outgoing
sequence flows.
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In a similar way, the expression (Sg \ (Fsg U Fig) U
(U pe ptmbea ®o (P) U S ")) says that a start event can-
not be a target flow object except it is attached to the boundary
of an expanded subprocess. A sequence flow is a subset of

the cross product of these two expressions. The expression

C
(Fa X Apo) U (Apo X FA) U (S

that a directed association connects

x Fa) stipulates

(i) adata object with an activity; or
(ii)) a compensation intermediate event for catching the
event trigger with an activity.

Definition 14 (Process) A process is a 4-tuple P = (2,
Qa, Qa, Q) where

Qg is an event tuple;

— Q4 is an activity tuple;

Qg is a gateway tuple; and

— Qc is a connecting-object tuple.

A process consists of four components: an event tuple, an
activity tuple, a gateway tuple and a connecting-object tuple.

Definition 15 (None-start-events process) Given a process

. _ None Msg Timer
P with a;tart—evegt tuple Qsg = (Fgg™>, Fgg™s Fgg s
F§nd, Fof”, FYUIL) The process P is a none-start-events

process if and only if AieFSE\{None}(FéE = ).

Definition 16 The function ®p, defined below, returns the
task name, none-start-events process, called process or ref-
erenced subprocess depending on whether the parameter is
a task, an embedded subprocess, a reusable subprocess or a
reference subprocess.

DName () if x € Frr

dnp(x)  if x € FEmbed
P = : B s
PO =1 gpr)  ifx e FREwe
drp(x)  ifx € FES

5 Classification of equivalences of BPMN processes

This section aims to study different kinds of equivalences
of BPMN processes from a formal perspective. The princi-
ples of equivalences are specified precisely in the form of a
number of definitions. In essence, two BPMN processes are
regarded as equivalent if both of them can be transformed
into a common graphical representation.

In what follows, definitions for DXMG-based-duplicate-
free form and DXDG-based-duplicate-free form are
provided. A discussion of two types of equivalences of
BPMN processes, which are based on DXMG-based-dupli-
cate-free form and DXDG-based-duplicate-free form,
is offered. These encompass DXMG-DF-equivalence and
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DXDG-DF-equivalence. The motivation for introducing
DXMG-DF-equivalence and DXDG-DF-equivalence is to
reduce redundant activities by adjusting the positions of data-
based exclusive merge gateway and data-based exclusive
decision gateway.

Definition 17 (DXMG-based-duplicate-free form) Let P
be a process with Qa, Q2c, 21, Qsp, Csr, FT, Fg{,nbed
F§g™e, FEE" are replaced by Qep), Qcey), Qpen, QLepeey,s

Embed Reuse Ref —
ng(P.w FSP(Pl)’ Fsp(Pl)’ Faep = Frep U

Usersp FéP(Pl) and Sgey) = Fyep U Uje.g) Fi- If FOIL

>

Csreps Frep,

FOyeSpep,A11,A12,. . AL, A1, A2 2, A gy A 1,

A3, A3 A 1L A1 2 s AL A 1, A 2,
D D

cow A € Fpwp, G1 € Fxpg. G2 € Fxyg» €1, €25 -+ s Cn

€ Scond, (F01,G1), (G1,A1,1),(G1, A12), -, (G1, A p),
(A1,1, A21), (A12, A22), - .-, (A1, A2n), (A21, A31),
(A22,A32), .. (A2, A3 n)s - (Am—1,1, Am.1)> (Am—12,
Am,2)» B (Amfl,na Am,n)a (Am,la G2)7 (Am,Za GZ)» cees
(Am,n, G2), (G2, FO») € CSF(PI)’ DPcond((G1, A],i)) = ¢,
SSA(P|) = {Az)], A2’2, ey A2,n, A3,1, A3)2, ey A3,n, Cey
Am—],l’ Am—1,2’ cee Am—],n, Am,l’ Am,2a B Am,n},
CCsrepy = {(A1,1, A2,1), (A12, A22), ... (ALn, A2n)s
(A2,1, A31), (A22, A32), -, (A2 A30)s - (Am—1,15
Am,l)s (Am—l,Z, Am,2)’ B (Am—l,n, Am,n)s (Am,la GZ),
(Am2.G2),. . s (A, G2), (G2, FO2)}, = Oppeey (A1),
FFre) = {x|x € SSyep AX € FT(PI)}, FF]S;P(PW ={x|x €
SSawp Ax € Fip Y fori=1,...,n, j=2,3,...m—1,
m and k € I"sp, then there is a unique process P, which is in
DXMG-based-duplicate-free form such that

— Qa, Qc, Qr, Qsp, Csp, Fp, FEmeed, pReuse  pRef are
replaced by Q. Qeey, Qpey, Qgpey, Cope,

Embed Reuse Ref
Forey, ng(Pz) ) FSP(Pz)’ ng(Pz)?

— Fpey = Frep U Uiersp Fslp(Pz)’

— Sgpey = F ey UlUicp.q) Fis

- FOy, FO;z € Spey,

- A11,A12, .. A1’n, Ar, Az, ..., A1, Ay € FA(Pz),

- (FO01,G1),(G1,A1,1),(G1,A12), .. (G1, ALn), (Ar 1,
G2), (A1,2,G2), ..., (A1, G2), (G2, A2), (A2, A3z), ...,
(Am—1, Am), (Am, FOr) € CSF(Pz),

- ®cond((G1, A1) = ¢,

- SSA(Pz) = {A2’ Az, Ap—1, Am},

— CCqpepy ={(A1,1,G2), (A12,G2), ..., (A1n, G2), (G2,
A2), (A2, A3), ..., (Am—1, Am), (Am, FO2)},

— FFpey ={AilA; € SSp0p N (Aj1) € Frep s

— FFgp, = {AilAi € SSyen A (Ai1) € Flp,)),

- /\;'nzz(q)TP(Pz)(Aj) = q)Tp(PD(Aj,l)),

- Frey = Frep\FFpe) U FF ey,

= Flowy = Fapwp \FFipw) U FF oo, and

S SP®D)
— Cqpey = Cqpeep \CCqpep U CCqrey)

fori =1,...,nand k € I'sp.
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Fig. 5 DXMG-DF-equivalent
BPMN processes

T T

A4 H A5

~——

A BPMN process containing a data-based exclusive merge
gateway preceded with sets of duplicate activities is trans-
formable into a unique BPMN process by placing the data-
based exclusive merge gateway before the sets of duplicate
activities such that all duplicate activities can be eliminated.
The sets Fe)) and Fpe, denote, respectively, the sets of
tasks of P| and P,. The set F'1p,) is the same as the set Fpe))
except that the set FF ) is removed and the set FFye,) is
added. The removal and addition of tasks eliminate the dupli-
cate tasks in P;. The sets F §P<P2> and Cggp, are defined in
an analogous manner.

Definition 18 (DXMG-DF-equivalence) For any BPMN
processes P; and P>, P; is DXMG-DF-equivalent to P,
denoted by Py R\:B%(MG P>, if and only if there is a BPMN pro-
cess P3 such that P3 is a DXMG-based-duplicate-free form
of P; and P».

Definition 18 stipulates that two BPMN processes are
DXMG-DF-equivalent if they are capable of converting into
a BPMN process which is in DXMG-based-duplicate-free
form.

Proposition 1 The relation %BEMG is transitive.

Proof Suppose P; %B%(MG P> and P> %B%(MG Ps. Since
Py %B%(MG P> and P %B%(MG Ps, it follows that P4 is a
DXMG-based-duplicate-free form of P;, P, and P3. Since
P4 is a DXMG-based-duplicate-free form of P; and P3, we
obtain P; %B%(MG P3. Thus, %BEMG is transitive. O

~DXMG

Proposition 2 The relation ~5g™" is an equivalence.

Proof For reflexivity and symmetry, these follow immedi-

ately from Definition 18. Thus, ~B3XMO is an equivalence as
%B)F(MG is transitive by Proposition 1. O

A3 ]—{ A4 H A5

—

The concept of DXMG-DF-equivalence is illustrated in
Fig. 5. The BPMN processes in Fig. 5a and b are DXMG-
DF-equivalent as the BPMN process in Fig. 5c is a DXMG-
based-duplicate-free form of them.

Definition 19 (DXDG-based-duplicate-free form) Let Py be
a process with @4, Qc, Qr, Qsp, Csp, Fr, FEmbed, pReuse,
Flégf are replaced by Q2, ), Qcep, e, Qgpen, Cgpep .,
Frep, FISES}BT?’ F?St‘r?f’p Fl;g(fpw Faep = Frep U Ujerg
FiP(Pl) and Sgpep = Fep U Uie{E,G} F,.If FOy, FO;, €

S
SF(Pl),Al,l’AI,Z’ .. -»Al,n»- . '7AWI71,17AW!71,27' ) AM71,I19
D D
Am,], Am,27 BERY) Am‘n € FA(P1), G e FXDG’ Gr € FXMG’

Cl5 €25 + s Cn € Scond, (F 01, G1), (G, A1,1), (G, A1),
e (G1, ALy oo (Am—1.15 Am 1), (Am—1,2, Am2)s - -
(Am—l,n, Am,n)’ (Am,h G2)’ (Am,Zs G2)7 cee (Am,n, GZ),
(G2, FO2) € Cgperpys Poond((G1, A1,i)) = iy, SSpep =
(A1 Ar2s oo ALy oo An—11 Am—125 -+ o> Am—1n}s
CCqpepy = {(F Oy, Gy), (G, A11), (G1, A12), ..., (G,
Al,n): cees (Am—l,h Am,1)7 (Am—l,Za Am,2)7 B (Am—l,n»
A} =1 Orpen (Aj, Ap), FFpep = {x|x € SSyep A
x € Frepl, FF]S‘P(PI) = {x|lx € SSpep A X € Fé‘P(Pl)} for
i=1,..,n,j=1,...,m—1and k € I'gp, then there is a
unique process P» which is in DXDG-based-duplicate-free
form such that

~ Qa, Qc, Qr, Qp, Csp, Fr, FENbed, pRewse pRef gre
replaced by QA(PZ), QC(Pz), QT(PZ), QSP(PZ), CSF(PZ)’

Embed Reuse Ref
Frey, ng(Pz) ) FSP(Pz)’ Fsp(Pz)’

- FA(Pz) = FT(PZ) U Uierp Fslp<P2)’
= Sgey = Fpep U Uie{E,G} Fi,
- FOy, FOy € Sgey,

- Al» ooy Am—l» Am,l» Am,27 LY Am,n € FA(P2)5
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Fig. 6 DXDG-DF-equivalent (a) ¢
BPMN processes Ao ]—{ Az ]—{ As
X X
A (e
(b) ¢ Ao ]_{ Aes
s %
02 Az ]—{ Az

- (FO1, A1), (A1, G1), (G1, A1), (G1, A 2),s .. s
(G], Am,n)’ (Am,l’ GZ)s (Am,2’ GZ), B (Am,n, GZ)»
(G2, FO3) € Cgpepy),s

= @cond((G1, Am,i)) = ci,

- SSA(PZ) ={A1, ..., A1}

= CCqpey = {(FO1, A1), ..., (Ap—1, G1), (G1, Am 1),
(Gl’ Am,2), B (Gl’ Am,n)},

— FFpey ={Aj|Aj € SSp0 A (Aj1) € Frepls

_ FF’S‘:P(,,Z) ={Aj|Aj € SSypp A (Aj1) € ng(,,l)},

A= (@piey (A)) = Dpeey (A1),

- Frey = FT(P|)\FFT(P1) U FF @y,

- ng(,,z) = ng(Pl)\FF’gp(Pl) U FF’S‘P(PZ) and

CSF(Pz) = CSF(PI)\CCSF(PI) U CCSF(PZ)

fori=1,...,n,j=1,...,m— 1and k € I'sp.

We consider a BPMN process which is composed of a
data-based exclusive decision gateway followed by sets of
duplicate activities. To eliminate duplicate activities, the data-
based exclusive decision gateway is moved after the sets
of duplicate activities. The definitions of Fy@,) and F, gp(Pz)
specify the elimination of duplicate activities. The removal
of duplicate activities results in a structurally different pro-
cess P5. The set Cgpep,) is obtained by deleting and adding,
respectively, the collections of sequence flows CCgpep)) and

CCSF(Pz) .

Definition 20 (DXDG-DF-equivalence) For any BPMN
processes P; and P,, P; is DXDG-DF-equivalent to Ps,
denoted by P, %B%(DG P,,if and only if there is a BPMN pro-
cess P3 such that P3 is a DXDG-based-duplicate-free form
of P; and P».

Like DXMG-DF-equivalence, two BPMN processes are
DXDG-DF-equivalent if both of them can be transformed
into a common representation in DXDG-based-duplicate-
free form.

Proposition 3 The relation %B]);(DG is transitive.

Proof By similar argument as Proposition 1.
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~DXDG

Proposition 4 The relation ~5g"" is an equivalence.

Proof Analogous to Proposition 2. O

Figure 6 shows an example of DXDG-DF-equivalence.
The BPMN processes in Fig. 6a and b are DXDG-DF-equiv-
alent.

Definition 21 (Implicit-PG form) Let P be a process with
Qa. Qa. Qc, Qsp, g, Fr, FENPd, FRewe FRE Fprg,
FpjG, Csr are replaced by Q, ¢, Qgen, Qeep, Qgpe s
Embed FReuse FRef

SPPD > = spP” © gpP1)”
Cseens Fegen =Uieryg Fiens FG<P1>_= ie(xG,16,cq) Fi
U Fpgep, F e = Frep U Uierp FSZP(PI)’ Spep = FgU
Uie{A,G} Fiep. If FO1, FOy € Spep, Ai € Fpep, Gy €
Forgen, G2 € Fpigep, (FO1, Gy), (G, A, (G1, A2),
- (G, Ap), (A, G2), (A2, G2), .. ., (Ap, G2), (G2, FO7)
€ Cqpep), SSpep = {A1, Ao, ..., An}, CCqrey) = {(F Oy,
G1), (G1, A1), (G1, A2), ..., (G1, Ap), (A1, G2), (A2, G2),
oo (An, G2), (G2, FO2)}, FFpep) = {x|x € SSpep A X €
Frep) FEGe,, = {x|x € SSyep Ax € Flp ) fori =1,
...,n and k € T"sp, then there is a unique process P> which

is in implicit-PG form such that

Qpgep, Frep, F Fprgen, Fpigen,

Qa.Qa. Qc, Qsp, Qpg, Frr, FERPed, pReuse FREE Fopg,
FpjG, Csk arereplaced by Q2, ), Q2G®y, L@y, Lgpey) s

Embed Reuse Ref
Qpgrrs Frey, FSP(Pz)’ FSP(Pz)’ FSP<P2>’ Fppgen,
Fpigen, Cgpea)s
= Fpgey = Uieryg Fien,
- Fgey = Uiexa.i6.cay Fi YU Fpgens
— Fyep = Frep\FFre),
Embed _ pEmbed Embed
_ Fsp<P2> = Fsp<P1>\FFsp<P1> U {SP},
Reuse _ pReuse Reuse
~ Fopey = FSP<P1>\FFSP<P1>’
Ref  _ rRef Ref
h FSP<P2> - FSP<P1>\FF5P<P1>’

P is an embedded subprocess,
(FO1,SPy), (SP1, FO2) € Cypeen
CCqpey = {(FO1, SP1), (SP1, FOy)},
FpFG(Pz) = Fp]:g(Pl)\{Gl},

Fp](}(l’z) = Fp]Gﬂ’l)\{GZ}»

CSF(PZ) = CSF(PI)\CCSF(PI) U CCSF(PZ) and
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Fig. 7 Impl-PG-equivalent
BPMN processes

— ®np(SPy) = P3 which is a process where

(i) Fpey =FFre)
(i) Fepey = FFgp)
(i) F ey = Fren) U Ujerg FéP(P3)
(iv) Aj € Fyey
™) Nierse FéE(P3) =0
(vi) /\ieFEE FEE@_;) = Z
(vii) /\ie(FIEurﬁ) E IZE<P3> =0
(viii) /\ie{D,E} /\jEFXG F;<P3> =0
(ix)  Ajery Fion =9
) Aiereg Fien =9
i) Ajeryg Fien =9
(xi)) Apgry =0
(xiii) Cgqpey =9
xiv) C DA®PY) = ]
(xXV)  Scona®n =9

fori €l,...,nand k € I'sp.

Definition 21 specifies that a BPMN process consisting of
a set of concurrent activities enclosed within an embedded
subprocess is substitutable for a BPMN process comprising
the set of concurrent activities connected to a pair of parallel
fork gateway and parallel join gateway. The former provides
a more compact representation of the latter through the use
of a hierarchical structure. The deletion of the parallel fork
gateway G is defined by Fpgge,), whereas the removal of
the parallel join gateway G is specified by Fp;ge,) -

Definition 22 (/mpl-PG-equivalence) For any BPMN pro-
cesses Py and P, P; is impl-PG-equivalent to P>, denoted
by P| ~ {)HGlp ! P, if and only if there is a BPMN process P3
such that P; is an implicit-PG form of Py and P».

Definition 22 is a principle that states when two BPMN
processes are equal in terms of implicit-PG form.

. . Impl . ..
Proposition 5 The relation %Pnép is transitive.

Proof By similar argument as Proposition 1. O

o . Impl . .
Proposition 6 The relation %Pnép is an equivalence.
Proof Analogous to Proposition 2. O

Figure 7 is an illustration on implicit-PG-equivalence. Fig-
ure 7b improves the visual clarity of Fig. 7a by removing a
pair of parallel fork gateway and parallel join gateway as
well as enclosing the activities A5 and Ag within an embed-
ded subprocess.

Definition 23 (Activity-based-implicit-PFG form) Let P be
a process with Qg, Q2c, Qpg, Fprg, Csr are replaced by
Qgep, Leen, Lpgen, Fppgen, Cgpen s Fpgen = Fprgen
U Feig. Fgen = Uiexao.co) Fi Y Fpgen and Spep)
= FG(PI) U Uie{E,A} Fi.If FO; € Spep, A1 € Fa, Gy €
Fppgen, (FO1, A1), (A1, G1), (G1, FO2), (G, FO3), ...,
(G1, FOp) € Csrep, CCqpepry) = {(A1, G1), (G, FOy),
(G, FO3), ..., (G, FO,)} fori =1, ..., n, then there is
a unique process P> which is in activity-based-implicit-PFG
form such that

- Qa, Qc, Qpa, F'prG, CsF are replaced by Qie,), Qe
Qpgers Fprgers Cspen,

— Fpgey = Fppgey U Fpjc,

- Fgey = Uiexa.i,c6) Fi YU Fpge,

— Spey) = Fgey U Uie{E,A} Fi

- FO; € Spey,

— A € Fa,

- (FOy1, Ay), (Ay, FOy), (A1, FO3), ..., (A1, FO,) €
CSF(PZ)’

— CCqpey = {(A1, FO3), (A1, FO3), ..., (A1, FOp)},

— Fppgey = Fppgen \{G1} and

- CSF(PZ) = CSF(PI)\CCSF(PI) U CCSF(PZ)

fori=1,..., n.

Definition 23 says that an activity with multiple outgo-
ing sequence flows is an alternative representation of using
a sequence flow for connecting the activity to a parallel fork
gateway with multiple outgoing sequence flows.
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Fig. 8 Almpl-PFG-equivalent BPMN processes

Definition 24 (Almpl-PFG-equivalence) For any BPMN
processes P and P, P; is Almpl-PFG-equivalent to P,
denoted by P; %Qggpl P, if and only if there is a BPMN
process Pz such that P3 is an activity-based-implicit-PFG
form of P; and P;.

ogs . Almpl . ..
Proposition 7 The relation %PFEP is transitive.

Proof By similar argument as Proposition 1. O

mpl

. . __Almpl , .
Proposition 8 The relation ~prg is an equivalence.

Proof Analogous to Proposition 2. O

Figure 8 depicts two BPMN processes which are AImpl-
PFG-equivalent.

Definition 25 (CDG-implicit-start-event form) Let P; be a

process with Qg, Qc, Qsg, F gé’“e, Cgr are replaced by
FNone
SE®PD

U Uierge\(None} Fsg» Fren = Fspep U Ujeqpr i) Fi and
SF(PI) = FE(Pl) U Uie{G,C} Fi~ IfFOl S SF(P|), E] S FIS\I]SHFI)’
G1 € Fcpe, (E1, G1), (G1, FOy), (G, FO»), ..., (G,
FOp) € Cgreyp fori =1, ..., n, then there is a unique
process P, which is in CDG-implicit-start-event form such
that

N
Qpens Qeens Qgpens Fpe)» Cspens Fgpen =

— QE, Qc, QSE, FIS\I]E:me, CSF are replaced by QE(PZ), QC(PZ),
Qgpey), FIS\IE}}Z), Cgrey),
N .
= Fgpen = F i) Y Uierge\(vone) Fse»
— Fgey = Fgpey U Ujcerag) Fis
= Spey = Fgey U Uic(6.0) Fis
- FO; € Sy,
- G1 € Fcpa,
- (Gl’ FOI)’ (Gla FOZ)’ ooy (Gl» FO}’L) € CSF(PZ)’
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Fig. 9 CDG-ImplSE-equivalent BPMN processes

None __ rNone
- FSE(P2> = FSE(PI)\{EI} and

- CSF(Pz) = CSF(PU\{(E]» Gl)}
fori =1,..., n.

Removing a none start event which precedes a complex
decision gateway with multiple outgoing sequence flows, a
respective BPMN process which is in CDG-implicit-start-
event form is obtained.

Definition 26 (CDG-ImpISE-equivalence) For any BPMN
processes P and P, Py is CDG-ImplSE-equivalent to P,
denoted by P %fn%?SE P, if and only if there is a BPMN
process Pz such that P3 is a CDG-implicit-start-event form
of P; and P».

Proposition 9 The relation %ICrrlljp(ESE is transitive.

Proof By similar argument as Proposition 1. O
oy . NCDG . .

Proposition 10 The relation A ImplSE IS an equivalence.

Proof Analogous to Proposition 2. O

Figure 9 delineates two BPMN processes in which the
BPMN process in Fig. 9a is CDG-ImplSE-equivalent to the
BPMN processes in Fig. 9b.

Definition 27 (DXDG-default-SF form) Let P; be a pro-
cess with Qc, Scond are replaced by Qce), Scopgen- If
FO; € Sg, Gy € F?DG’ Cl, €2y ..y Cn—3, —(c1 V 2 V
...V cp=2) € Sconds (FO1, G1), (G, FO2), (G, FO3),
.o (G1, FOp—1), (G1, FOy) € Csp, Pcond((G1, FO;))
=cj-1, Pcond((G1, FOy)) = —(c1 V2 V...V cy2) for
i=1,..,nand j = 2,...,n — 1, then there is a unique
process P> which is in DXDG-default-SF form such that

— Qc, Scond are replaced by Q¢c@y), Scgna®
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— FO; € SF,

G € F)IgDG’

— €1,€2, ..., Cp—2 € SCond>

(FO1, G1), (G1, FO2), (Gy, FO3), ..., (G, FOy—1),
(G1, FO,) € CsF,

- cI’Cond((GL FO.,')) =Cj—1,

- @pr (G, FOj)) = true and

= Scond® = Scona® \{7(c1 V2 V..V en2)}

fori=1,...,nand j =2,...,n— 1.

A data-based exclusive decision gateway with n — 2 out-
going sequence flows associated with conditions ¢y, ¢z, .. .,
cn—2 and a default flow is another way of expressing a data-
based exclusive decision gateway with n — 1 outgoing seq-
uence flows associated with conditions ¢y, ¢z, ..., ¢;—2 and
=(c1 Vca V...V cy—2). This is stated in Definition 27.

Definition 28 (DXDG-DefSF-equivalence) For any BPMN
processes P and P>, Py is DXDG-DefSF-equivalent to P,
denoted by P; %Bi}f]s)l? P>, if and only if there is a BPMN
process P3 such that P; is a DXDG-default-SF form of P;
and P;.

Proposition 11 The relation %Bé(fls)FG is transitive.

Proof By similar argument as Proposition 1. O

~DXDG

Proposition 12 The relation ~ gy is an equivalence.

Proof Analogous to Proposition 2. O

We illustrate the concept of DXDG-DefSF-equivalence
with an example (see Fig. 10). The BPMN processes in
Fig. 10a and b are DXDG-DefSF-equivalent.

Definition 29 (IDG-free form) Let P; be a process with Qg,
Qc, 16, Fipe, Csk are replaced by Qe , Qe Qigep .,
Fipgen, Cspeps Figen = Fipgen U Fivg, Fgep =
Uiexa.co.pa) Fi U Figeps Spen = Fgep U Uieg ) Fi-
If FO,‘ € SF(PI), Al € FA, G1 € FIDG(PI)’ (Al, G]), (Gl,
FO1), (Gy, FO3), ..., (G1, FOy) € Cgreps Peond((G1,
FOy)) =ci, CCqpe)) ={(A1, G1), (G1, FO1), (G, FO»),
..., (G1, FOy)} fori = 1,...,n, then there is a unique
process P> which is in IDG-free form such that

- 6, Qc¢, Q16, F1pG, CsF are replaced by Qe,), Qcey),
Qigk2» Fipgea)» Cspen,

- Figey = Fipgen YU Five,

- Fgey = Uiexa,co.pey Fi Y Figen,

— Spey = Fgey U Ui a) Fis

- FO; € Sgey,

- A1 S FA,

- (A1, FO1), (A1, FO2), ..., (A1, FOp) € Cgrey),

— CCqpey = {(A1, FO1), (A1, FO2), ..., (A1, FOR)},

Cs
2 As

(b) c Cs

Fig. 10 DXDG-DefSF-equivalent BPMN processes

— Pcond ((Ar, FO))) = ¢,
- Fipgey = Fipgep \{G1} and
— Cqpey = Cqpen \CCqpep U CCqrey

fori=1,...,n.

Definition 29 describes an activity which connects to an
inclusive decision gateway with multiple outgoing sequence
flows associated with conditions can be represented as an
activity with multiple outgoing conditional sequence flows.

Definition 30 (/DG-F-equivalence) For any BPMN
processes Py and P>, P; is IDG-F-equivalent to P», denoted
by P; %%:DG P, if and only if there is a BPMN process P3
such that P3 is an IDG-free form of P; and P;.

Proposition 13 The relation %%D G s transitive.

Proof By similar argument as Proposition 1. O
Proposition 14 The relation %E)G is an equivalence.
Proof Analogous to Proposition 2. O

A pair of BPMN processes that are IDG-F-equivalent is
given in Fig. 11.

With the theory of equivalences for BPMN processes in
place, the rest of this section is concerned with the use of an
elaborated example to demonstrate the practical application
of the proposed equivalences. We consider two structurally
different BPMN processes as shown in Figs. 12 and 13.
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Fig. 11 IDG-F-equivalent BPMN processes

BPMN process 1 (Fig. 12) contains a number of nota-
tional elements that can be transformed into equivalent rep-
resentations by repeated applications of Definitions 17, 19,
21, 23, 25,27 and 29. These encompass the none start event,
data-based exclusive decision gateways associated with con-
ditions —(c1 V ¢2) and —(cg V c¢9), inclusive decision gate-
ways, parallel fork gateways, data-based exclusive decision
gateway followed by the duplicate activity Ap4 and data-
based exclusive merge gateway preceded with the duplicate
activity Ajy.

Likewise, BPMN process 2 (Fig. 13) embodies graphical
constructs that can be represented as equivalent forms. These
comprise the inclusive decision gateway with an incoming
sequence flow from the activity A1, the data-based exclusive
decision gateway associated with condition —(c;y V ¢3), the
parallel fork gateway with an incoming sequence flow from

the activity A7 as well as the data-based exclusive decision
gateway followed by the duplicate activity As4.

To determine whether BPMN processes 1 and 2 exhibit the
same behaviour, we need to show that through a sequence of
transformations they are both capable of converting into the
same representation in DXMG-based-duplicate-free form,
DXDG-based-duplicate-free form, implicit-PG form, activ-
ity-based-implicit-PFG form, CDG-implicit-start-event form,
DXDG-default-SF form and IDG-free form. Consider the
none start event in BPMN process 1 (Fig. 12). Applying
Definition 25, the none start event is eliminated to yield an
equivalent BPMN process in CDG-implicit-start-event form
as depicted in Fig. 14. Replacing the conditions —(c1 V ¢2)
and —(cg V ¢9) of the data-based exclusive decision gateways
with default flows, we get an equivalent BPMN process in
DXDG-default-SF form in accordance to Definition 27. By
substituting the activities A4 and Ay} with outgoing con-
ditional sequence flows (Fig. 14) for the activities A4 and
A1 that connect to inclusive decision gateways with outgo-
ing sequence flows associated with conditions (Fig. 12), an
equivalent BPMN process in IDG-free form is obtained as
specified in Definition 29.

The use of an embedded subprocess to enclose the activ-
ities A19 and Ayg eliminates the corresponding pair of par-
allel fork gateway and parallel join gateway (Definition 21).
The other two parallel fork gateways in Fig. 12 are removed
through two successive applications of Definition 23 as
shown in Fig. 14. An equivalent representation for BPMN
process 1 as delineated in Fig. 14 is ultimately produced by
using Definitions 19 and 17 to eliminate the duplicate activ-
ities A4 and Aj7 in Fig. 12.

In the same way, we apply Definitions 29 and 27 to BPMN
process 2 (Fig. 13) for converting the inclusive decision gate-
way with an incoming sequence flow from the activity A
and the data-based exclusive decision gateway associated
with condition —(c1 V ¢3) into the activity A1 with outgoing

Fig. 12 BPMN process 1

P00|1
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Fig. 13 BPMN process 2

Fig. 14 An equivalent BPMN
process for BPMN processes 1
and 2

conditional sequence flows and the data-based exclusive gate-
way with default flow as illustrated in Fig. 14. The elimina-
tion of the parallel fork gateway with an incoming sequence
flow from the activity A17 and the duplicate activity Aj4
yields an equivalent representation for BPMN process 2 as
depicted in Fig. 14. As there is a common representation for
both BPMN processes 1 and 2, they are regarded as equiva-
lent and can be used interchangeably.

6 Conclusions

This paper is positioned as part of a larger effort to explore the
equivalences of business processes in the domain of business
process management. Our earlier work is devoted to the clas-
sification of equivalences of UML ADs. In this study, it takes
on the challenge of categorizing various types of equivalenc-
es for BPMN processes. To formalize the notions of equi-
valences, a formal foundation of BPMN processes has been

developed. Based on this underlying model, seven kinds of
equivalences have been proposed. These encompass DXMG-
DF-equivalence, DXDG-DF-equivalence, Impl-PG-equiva-
lence, AImpl-PFG-equivalence, CDG-ImplSE-equivalence,
DXDG-DefSF-equivalence and IDG-F-equivalence. The
theoretical framework contributes to the design of business
processes through the application of mathematical techniques
for

(i) the equivalence checking of BPMN processes;
(ii) the generation of alternative representations for BPMN
processes; and
(iii) the simplification and restructuring of BPMN pro-
cesses.

We intend to continue pursuing this line of investigation in
a series of further studies. An extended discussion of other
equivalences is among one of the many topics to be explored
in future research.

@ Springer



204

SOCA (2009) 3:189-204

References

10.

OMG (2006) Business process modeling notation specification,
February 2006. http://www.bpmn.org/. Accessed 28 December
2007

OMG (2008) Business process modeling notation, v1.1, January
2008. http://www.bpmn.org/. Accessed 7 January 2009

Havey M (2005) Essential business process modeling. O’Reilly
Media, Inc., Sebastopol

Bog A, Puhlmann F, Weske M (2007) The PiVizTool: Simulat-
ing choreographies with dynamic binding. In: Demo session of
the 5th international conference on business process management,
2007. http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/
bpm2007-piviztool.pdf. Accessed 17 February 2008

Bog A, Puhlmann F (2006) A tool for the simulation of -calculus
systems. In: Open.BPM 2006: Geschiftsprozessmanagement mit
Open Source-Technologien, 2006. http://bpt.hpi.uni-potsdam.
de/pub/Public/FrankPuhlmann/PiSimulator_openBPM.pdf.
Accessed 9 January 2009

Bog A (2006) Introduction to the PiVizTool. Hasso Plattner Insti-
tute, University of Potsdam, 2006. http://bpt.hpi.uni-potsdam.
de/pub/Piworkflow/Simulator/piviztool-intro.pdf. Accessed 13
January 2009

Bog A (2006) A visual environment for the simulation of
business processes based on the pi-calculus. Master’s thesis,
Hasso Plattner Institute, University of Potsdam, 2006. http://bpt.
hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/AnjaBogThesis
Final.pdf. Accessed 13 January 2009

Puhlmann F (2007) Soundness verification of business processes
specified in the pi-calculus. In: CoopIS 2007. LNCS, vol 4803,
pp 6-23

Briais S (2005) The ABC User’s Guide, 2005. http://lamp.epfl.ch/
~sbriais/abc/abc_ug.pdf. Accessed 17 February 2008

Ou-Yang C, Lin YD (2008) BPMN-based business process model
feasibility analysis: A Petri Net approach. Int J Prod Res
46(14):3763-3781

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Ratzer AV, Wells L, Lassen HM, Laursen M, Qvortrup JF,

Stissing MS, Westergaard M, Christensen S, Jensen K (2003) CPN
tools for editing, simulating, and analysing coloured petri nets. In:
ICATPN 2003. LNCS, vol 2679. Springer, Berlin, pp 450-462
Raedts I, Petkovic M, Usenko YS, van der Werf JM, Groote JF,
Somers L (2007) Transformation of BPMN models for behaviour
analysis. In: MSVVEIS 2007, pp 126-137

Dijkman RM, Dumas M, Ouyang C (2007) Formal semantics
and analysis of BPMN process models using Petri Nets. Preprint
(2007); available at http://eprints.qut.edu.au/archive/00007115/
01/7115.pdf. Accessed 6 July 2008

Dijkman RM, Dumas M, Ouyang C (2007) Formal semantics and
automated analysis of BPMN process models. Preprint (2007);
available at http://eprints.qut.edu.au/archive/00006859/. Accessed
6 July 2008

Wong PYH, Gibbons J (2008) A process semantics for BPMN. In:
Proceedings of 10th international conference on formal engineer-
ing methods. LNCS 5256, pp 355-374

Hoare CAR (1985) Communicating  Sequential
Prentice-Hall, Englewood Cliffs

Formal Systems (Europe) Ltd. (2003) Failures-divergence refine-
ment: FDR2 user manual, May 2003. http://www.fsel.com/
fdr2_download.html. Accessed 20 January 2005

Gruber W (2003) Modelling and transformation of workflows with
temporal constraints. PhD thesis, Vienna University of Technol-
ogy, 2003. http://www.isys.uni-klu.ac.at/PDF/2003-0178-WLG.
pdf. Accessed 13 January 2009

Eder J, Gruber W, Pichler H (2005) Transforming workflow graphs.
In: First international conference on interoperability of enterprise
software and applications, pp 23-25

Lam VSW (2008) Theory for classifying equivalences of UML
activity diagrams. IET Softw J 2(5):391-403

Lam VSW Formal analysis of BPMN models: a NuSMV-based
approach. (submitted)

Processes.


http://www.bpmn.org/
http://www.bpmn.org/
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/bpm2007-piviztool.pdf
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/bpm2007-piviztool.pdf
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/PiSimulator_open BPM.pdf
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/PiSimulator_open BPM.pdf
http://bpt.hpi.uni-potsdam.de/pub/Piworkflow/Simulator/piviztool-intro.pdf
http://bpt.hpi.uni-potsdam.de/pub/Piworkflow/Simulator/piviztool-intro.pdf
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/AnjaBogThesisFinal.pdf
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/AnjaBogThesisFinal.pdf
http://bpt.hpi.uni-potsdam.de/pub/Public/FrankPuhlmann/AnjaBogThesisFinal.pdf
http://lamp.epfl.ch/~sbriais/abc/abc_ug.pdf
http://lamp.epfl.ch/~sbriais/abc/abc_ug.pdf
http://eprints.qut.edu.au/archive/00007115/01/7115.pdf
http://eprints.qut.edu.au/archive/00007115/01/7115.pdf
http://eprints.qut.edu.au/archive/00006859/
http://www.fsel.com/fdr2_download.html
http://www.fsel.com/fdr2_download.html
http://www.isys.uni-klu.ac.at/PDF/2003-0178-WLG.pdf
http://www.isys.uni-klu.ac.at/PDF/2003-0178-WLG.pdf

	Equivalences of BPMN processes
	Abstract
	1 Introduction
	2 Related work
	3 An overview of BPMN
	4 Formal model of BPMN processes
	5 Classification of equivalences of BPMN processes
	6 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


