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Abstract. Data Petri Nets (DPNs) extend classical Petri nets to model processes where data directly influences
control-flow, enabling a comprehensive view of system behavior and possibility to detect failure points that
could otherwise be hidden. Soundness is a correctness criterion that captures such failure points as deadlocks
and livelocks as well as model boundedness and absence of dead activities. This paper introduces a novel
soundness verification technique for DPNSs that achieves significant efficiency by requiring only two state space
constructions. This advancement makes soundness verification and repair applicable to larger, more complex
models. We have implemented verification and repair algorithms using this technique in the DPN Verifier
toolkit, a versatile tool that supports multi-perspective model analysis through various state-space structures
and abstraction levels. For practicality and interoperability, the toolkit imports and exports DPNs and state-
spaces using dedicated formats proposed in this paper and is delivered as a desktop application, a console
application, and a class library, moving beyond a mere research prototype to offer a multifaceted platform ready
for both academic and industrial use. The results of performance evaluation demonstrate that our
implementation achieves lower verification and repair times for most DPNs from the literature compared to
existing solutions, confirming its practical value for realistic applications.
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DPN Verifier: UHcTpyMeHTapuin ansa ycKopeHHou Bepudmkaumm m
ucnpasneHus aedeKTHbIX Mogernen NpoueccoB C AaHHbIMU

H.M. Cysopos, ORCID: 0000-0003-2871-9757 <nmsuvorov@hse.ru>

Hayuonansnwlii ucciedogamenvckuil yHugepcumem « Bolcuids wKona 3KOHOMUKUY,
Poccus, 101000, . Mockea, yn. Machuykas, 0. 20.

AunHoraumusi. Ceru Iletpu ¢ nmanueiMu (DPN) sBisitorcst pacmmpeHueM Kiaccuueckux ceteit Iletpw,
TIO3BOJIIIOIIMM  MOJIENIPOBAaTh MPOLECCH, TA€ HaHHbIE BIMAIOT HAa IOTOK YIPABICHHUS, OOecreuuBas
KOMIUIEKCHOE IIPE/ICTAaBICHHE O IOBEICHUH CHCTEMbI M BO3MOXKHOCTh OOHApPYKEHHS TOUEK OTKa3a, KOTOpHIE B
MIPOTUBHOM CITy4ae ObUIH OBl CKPBITHL. OTHUM U3 KPUTEPHEB KOPPEKTHOCTH JJISI MOJIENIEH ITPOLIECCOB SIBISIETCS
6e3nedexTHOCTE. Moens mpomnecca Ha3pIBaeTcs Oe3nedeKTHOH, eciti OHa Beeria KOPPEKTHO 3aBEpIIAcTCs U
Kaxgoe AefcTBHE MOJENHM MPEICTaBICHO XOTs Obl B OJHOM HCIOJHEHHH Tmpoliecca. B nmaHHO# craTthe
MpeZcTaBlieH HOBBIH MeToA mpoBepku Oe3nedextHoctu DPN, xoTopsit TpebyeT He Oonee IBYX MOCTPOSHHUI
MIPOCTPAHCTBA COCTOSHUM, YTO CYIIECTBEHHO HIDKE MO CPABHEHUIO C MPEIOKEHHBIMU M PEalH30BaHHBIMU
paHee airopuTMaMd. OTO YCOBEPLICHCTBOBaHME JETaeT NPOBEPKY Oe3Ie(EeKTHOCTH M HCIpPaBICHHE
nedekTHBIX MojeNedl NPUMEHMMBIM K MOJEISIM JOCTaTOYHO OONBIINX pa3MepoB. MBI pean30Bain
aNTOpPUTMbI BepH(HUKAIMKA U UCIIPABJICHUS, HCIoNb3ytomue 31oT Meton, B DPN Verifier — yuuepcansHom
HHCTPYMEHTE, IOJJICP)KUBAIOIIEM aHAIW3 MOJENIeH IOCPEICTBOM pAa3JIMYHBIX CTPYKTYP IPOCTPAHCTB
COCTOSIHMH M ypoBHel abcTpakuuu. MHCTpyMeHTapuil IO3BOJISIET MMIIOPTHPOBATh M IKCHOPTHPOBATH Kak
DPN, Tak u CTpYKTypBI IPOCTPAHCTB COCTOSHHUH C UCTIOJIF30BAHUEM CIICIIHATBHBIX ()OPMATOB, MPEITOKECHHBIX
B JAaHHOW CTaTbhe, M MOCTaBISIETCA B BHUJAEC HACTOJBHOTO IPUJIOKEHHSA, KOHCOIBHOTO MPHIOKCHUS H
OMONMMOTEKH KIACCOB, YTO JAENaeT HHCTPYMEHT HPUMEHHMBIM KaK JUIS aKaJeMHYecKOoro, Tak U Ul
MIPOMBIIIIEHHOTO HCHONB30BaHKs. Pe3ynbTaTsl 3KCIEPUMEHTOB JIEMOHCTPHUPYIOT 0o0Jiee BBICOKYIO CKOPOCTB
Hamlell peanu3aluyl AITOPUTMOB BepHUKAMM M HchpaBiieHWs i GonpmmHcTBa DPN, ommcaHHBIX B
JIUTEpaType, M0 CPAaBHEHHIO C CYNIECTBYIOIINMH PEIICHUSIMH, YTO MOATBEPKIACT MPAKTUYECKYI0 IEHHOCTD
MIPE/UTOKEHHOTO HAMH PEIICHHUS ISl PETBHBIX MPUIIOKEHHH.

KnroueBble c10Ba: MojenM HPOLECCOB; INPOLECCH, OOOTalleHHBIE TaHHBIMH; ceTd IleTpu ¢ JaHHBIMH;
Bepupukanus 6e31eGeKTHOCTH; UCTIpaBIeHUE Je(PEKTHBIX MOJIEICH.

Jns nurupoanus: Cysopo H. M. DPN Verifier: Mucrpymenrtapuii s yCKOpeHHOU BepubUKAMN |
ncnpasneHns AeeKTHBIX Moaenelt mporeccos ¢ naHabMu. Tpyast UCIT PAH, Tom 38, B 3, wacts 2, 2026
r., ctp. 49-66 (na anrmuiickom si3pike). DOI: 10.15514/ISPRAS-2026-38(3)-21.

BaaromapHocTu. BrinosHeHue uccnenoBanuii noanepxano [IporpaMmoit GpyHIaMeHTaIbHBIX HCCIICIOBAHUI
HanmonansHoro uccienoBarensckoro yHuBepcutera «Boicuias Llkona Dxonomukuy», Poccust.

1. Introduction

Distributed processes often rely on data. The data can be manipulated by process activities and
referenced at various decision points. This critical aspect is addressed by several data-aware
modeling formalisms, such as workflow nets with data (WFD-nets) [1], workflow nets with tables
(WFT-nets) [2], and Data Petri nets (DPNs) [3], and frameworks, the most well-known of which is
BPMN 2.0 [4]. The usage of Petri net extensions is common for formal process model analysis due
to the simplicity and unambiguity of these formalisms. In this work, we focus on models represented
as DPNs, a Petri net extension that represents the interplay of data and control flows by transition
constraints that define input and output conditions on global variables.

Despite the approach used to model a process, a constructed model may contain errors. Since some
errors are domain-specific, it is important to verify a model at least for common domain-agnostic
flaws, namely for deadlocks, livelocks, the presence of activities that are never executed, and
unbounded resource growth or consumption. Soundness is a correctness property that captures all
these types of errors. Specifically, a model is called sound if it always properly terminates and each
process model activity occurs in at least one process instance [5]. Soundness verification is an
important step before the process implementation that helps to detect failure points in a process.
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Elimination of the errors detected at the verification stage is called soundness repair. Conducting
soundness verification and repair right after the model design can help to avoid potential problems
in the process to be implemented. This also works for models represented as DPNs. Consider
Fig. 1, which represents a visit to a casino. The model has a deadlock when there is a token in p,
and age is not more than 18: a visitor registers but does not receive a pass. It is reasonable to omit
such a deadlock in a process. A straightforward repair approach here is to restrict the constraint of
Register and forbid its execution if age < 18.

A significant body of research has been dedicated to soundness verification and repair of
DPNs [6][12]. At the current state, there exist two research prototypes, hamely [10] and [12], that
implement verification and repair algorithms. However, both the prototypes have several limitations.
First, the inner structure of used verification algorithms requires multiple state space constructions
for checking model soundness, which narrows the application scope of verification and repair
methods to models of moderate sizes. Second, each of the tools was developed as a proof-of-concept.
Thus, as an example, if a model has a large state space and the visualization library cannot properly
handle it, the user would never receive a result regarding model soundness. There are also other
problems related to the proof-of-concept versions, including the impossibility to export
verification/repair results and the necessity to use the proposed desktop/web interfaces, which makes
it difficult to include the verification and repair techniques into model designing pipelines.

i

age” > 0 A
| Enter Casino | (hasPass” = T V

hasPass” = L
NG |

(hasPass” = T)

-

[hasPaﬁ’ = 1)

Register | Quit Enter Gambling Room |

<§ el

‘—| Receive Pass

[age > 18 A hasPass" = —l—)

Fig. 1. A DPN representing a visit to a casino. The initial marking is [i]. The final marking is [0]. Variable
hasPass is of a boolean type, the age is of a real type.

In this paper, we introduce a soundness verification toolkit, DPN Verifier. The toolkit is delivered
in three forms: as a desktop application, as a console application, and as a class library, and is
available for download on https://github.com/ConferenceParticipant/DPNVerifier. Compared to the
previous implementations, it provides more extensive interoperability means, includes wider
opportunities for model analysis, and allows for greater interaction opportunities, for instance,
making the visualization optional when providing a soundness verification result. Last but not least,
the tool implements a new verification algorithm, proposed in this paper, that does not construct the
state space more than twice, which extends the scope of its use to process models of larger sizes.

The main research contributions of this work are as follows:

e A soundness verification and repair algorithms for DPNs based on a new refinement
procedure that requires a single state space construction.
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e The definitions of the PNMLX format used for the DPN import/export and of the ASML
format used for the state space import/export.

o The DPN Verifier tool delivered in three different forms allowing the analysis of a DPN at
different abstraction levels, the verification of different versions of soundness (classical and
relaxed lazy [13]), and the repair of DPN soundness.

o Experimental evaluation that justifies the practical applicability of the DPN Verifier and
the shorter verification and repair execution times compared to the existing solutions.

2. Related Work

Manually crafted process models are often prone to errors. Different papers, such as [14]-[16],
investigate the sources of such errors and the reasons why they are made. Studies analyzing
industrial and reference models have found significant error rates, ranging from 5.6% in the SAP
reference model [17] to over 72% in practical industrial settings [16]. A substantial portion of errors
can be detected and corrected through formal soundness verification and repair procedures.

For subtle and accurate analysis of processes, where data influences the process execution, the
process model formalism should be able to capture the interplay of control and data flows. One of
such formalisms is a DPN. Significant research has been conducted to make DPNSs viable in practice,
including techniques for model discovery from event logs [3], conformance checking [18][19], and
soundness verification [6]-[9]. However, the proposed soundness verification algorithms are either
applicable to models of moderate sizes, as algorithms [7][9], or to models with rather simple
conditions, as algorithm [6]. We consider the setting when variables may be compared to constants
or other variables; thus, we are interested in algorithms [7][9]. The verification technique from [7]
performs a single state space construction, but constructs it as granular as possible, considering all
possible combinations of markings and formulas. Algorithms [8][9] require multiple constructions
of the state space; for instance, algorithm [8] constructs a state space for each reachable DPN
marking. All the existing repair algorithms, namely [10][12], use one of the mentioned verification
algorithms for verifying a model at each repair iteration, which entails a rather narrow scope of use
for these algorithms due to the high execution times of the corresponding verification procedures.
Apart from the limitations of the verification and repair algorithms, a significant tooling gap also
persists. Existing implementations of DPN algorithms are fragmented across different platforms,
each with limitations. The process mining [3] and conformance checking [18] algorithms are
implemented as plugins for ProM [20], an open-source framework for process mining algorithms.
Although ProM is a powerful tool for process mining, it is widely often criticized for a confusing
and outdated user interface, and therefore its use is gradually declining. Modern process mining
algorithms are now mainly implemented as plugins for PM4Py [21], a Python-based library, which
by its nature integrates well with the broader ecosystem of machine learning and data science tools.
Interestingly, none of the existing algorithms for DPNs are implemented in PM4Py. Some authors
strive to use Python but develop their own separate applications independent of the mentioned above
library: CoCoMoT [19] for conformance checking and the Ada tool [12] for model verification and
repair are examples of such implementations. The latter was one of the two implemented tools for
model verification and repair, but maintenance has recently been discontinued. Another tool for
verifying and repairing a model was implemented as a desktop application in C# [10], but as a
research prototype, which is why its functionality and interoperability are very limited: for example,
it is impossible to export the repaired model. Both the implementations used the verification
algorithms that require multiple state space constructions.

Considering the limitations of the existing tools for soundness verification and repair, we decided to
devise a new soundness verification method that requires not more than two constructions of the
state space. The proposed method forms a basis in a new toolkit for soundness verification and repair
of DPNs, introduced in this paper.
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3. Data Petri Nets

A Data Petri net is a place/transition net that includes transition constraints that define input and

output conditions over the data variables.

Each constraint ¢ over a set X of variables is an expression of the form
p:=TlxOylxOcl-¢ |lo;Ap,,

where: (i) T is the logical “true”; (ii) x,y € X; (iii) c € R; (iv) © € {<,=,>}, (V) @', ¢4, p, are

constraints.

We make use of the following standard equivalences: (i) =T = L; (ii) ¢, V ¢, = a(=¢@1 A =@2);

(i) x<y==a(x>y) (V) x=y==(x<y) and (v) x # y = =(x = y). By &(X), we

denote the language of constraints. For example, for X = {y, z}, expressions z >y, y < 0 and (y >

2)V((z<4)A(z = 1))arein@(X). The satisfaction of a constraint is defined in a standard way.

We refer a reader for details to [9]. In this paper, we consider real-typed variables and constants. For

representing transition guards, we use language @ (V™ U V"), where V" and V" represent read and

written variables, respectively.

Definition 1 (Data Petri net) [6]. A data Petri net (DPN) isatuple N = (P, T, F,V, guard), where:

e P and T are disjoint sets of places and transitions, respectively;
o F:(PXT)U(T xP)— Nisaflow relation;
e I isafinite set of variables;

o guard:T » &(V"UVY) is a guard assignment function that labels transitions with
constraints.

Givent € T, we also define read (t) and write(t) to denote, respectively, all the variables from V"
and V'™ that occur in guard(t).
A state of a DPN IV is a pair (M, ), where M: P — N is a marking function that assigns a number
of tokens to each place p € Py, and a: V — R is a variable valuation function that assigns a value
to each variable in V. A DPN moves between states by firing (enabled) transitions. After a transition
fires, a new state is reached, with a new corresponding marking and valuation.
Given a DPN %V and a state (M, a), we say that transition t € T may fire at (M, a) yielding a new
state (M', a"), denoted as (M, a)[t)(M', a"), if and only if:

e M(p)=F(p,t)and M'(p) = M(p) — F(p,t) + F(t,p), forall p € P,

o B E guard(t), where 8: V" UVY — R and, for every v € V, it holds that (v") = a(v)
and f(v") = a'(v);

e a(v) = a'(v), for every v € V such that v¥ # write(t).

This is naturally extended to finite sequences of transition firings ¢ = t, - t,, called traces, while
each trace induces a run denoted as (Mg, @g)[ty)---[tn)(My, a,) (or, equivalently, as
My, ap)[o)(M,, ;). Given two states (M, a) and (M’, a"), we write (M, a)[*)(M', ") to denote
zero or more transition firings leading from (M, ) to (M', a"). We fix one state (M,, ;) as initial.
By Mg, we denote the final marking. We call state (M, «) final if M = M. In what follows, we use
M, to denote all the markings in the DPN V. Given two markings M’ and M"' of a DPN V', we
write M"' > M’ if and only if for all p € Py, we have M"'(p) = M'(p), and we write M"" > M'if and
only if M" = M’ and there exists p € Py s.t. M"'(p) > M'(p).

Definition 2 (Reachability set). Let V' be a DPN with an initial state (M;, ;). The reachability set
of V', denoted by Reach,,, is the smallest set of states, which is inductively defined as follows:

o (M, a;) € Reachy;
o if(M,)[t)(M',a") fort € T and (M, a) € Reachy, then (M',a") € Reachy,.
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In the following, we will be interested in the boundedness property of DPNs. We say that a DPN
is bounded if there exists a bound k € N such that M(p) < k, forall p € P and (M, @) € Reachy,.

Using the reachability set, we can provide a definition to soundness:

Definition 3 (Soundness) [6]. Let V' be a DPN with initial state (M, ;) and final marking Mp.
is sound if and only if the following properties hold:

o foreach (M, a) € Reach,,, there exists a’ s.t. (M, a)[*)(Mg, a").
e foreach (M,a) € Reachy, M = My = M = M.
o foreacht €T, there exist (M, a;), (M4, a;) € Reachy: (My, a;)[t)(M, ).

As an example, the DPN from Fig. 1 is unsound, since the property that ensures the reachability of
the final state is violated. One of the executions that lead to a deadlock is the following:
([i], {age = 0, hasPass = 1}) [Enter Casino) ([p,], {age = 14, hasPass = 1})[Register) ([p.], {age =
14, hasPass = 1}).

The number of states in Reach;, can be infinite even if the DPN is bounded, especially for models
with real-typed variables. Thus, a classical reachability graph can barely be used for soundness
verification in practice. In the following sections, we introduce the abstract state space structures
that can be used for analyzing the behavioral properties of DPNs, including model soundness, and
that could be constructed in the DPN Verifier.

3.1 PNMLX format

The classical PNML format [22] does not allow for defining variables or transition constraints. Thus,
we extended this format to make it sufficient for DPN representation. First, the net now includes a
set of variables with variableType defined in listing 1.

<xs:complexType name="variableType">
<xs:sequence>
<xs:element name="name" type="xs:string"/>
</xs:sequence>
<xs:attribute name="type" use="required">
<xs:simpleType>
<xs:restriction base="xs:string">
<xs:enumeration value="Real"/>
<xs:enumeration value="Integer"/>
<xs:enumeration value="Boolean"/>
</xs:restriction>
</xs:simpleType>
</xs:attribute>
</xs:complexType>

Listing 1. Type ‘variableType’ definition.

Second, a transition now includes an optional string attribute guard that defines a transition
constraint. The constraint is an expression that uses logical connectives && (and) and || (or) to
combine atomic variable-operator-constant and/or variable-operator-variable conditions. Read
variables have a subscript _r, write variables have a subscript _w. String "hasPass_w == True &&
age_r > 18" is an example of an admissible value for the guard. A simplified Backus-Naur Form for
admissible expressions is shown in Listing 2. The described format is used both for DPN import and
export.

4. Means for Data Petri Net Analysis

Analysis of DPN behavioral properties requires the state space structures that are finite despite the
finiteness of the domains of variables. In what follows, we define some of them, show how they are
implemented in the DPN Verifier, and describe how they can be used for soundness verification.
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<expression> ::= <or_ expression>

<or expression> ::= <and expression> ( "||" <and expression> )*
<and_expression> ::= <atomic_expr> ( "&&" <atomic_expr> )*
<atomic_ expr> ::= <comparison> | ("!")? " (" <expression> ")"
<comparison> ::= <real var> <num op> <real val> \

<int var> <num op> <int val> \
<bool var> <bool op> <bool val>

<num Op> ci= "M I ns=n ‘ nen ‘ ne=mn | wn__mn ‘ np=n
<bool_op> = M=="opomisn

<real:val> ::= <real var> | <real constant>
<int val> ::= <int var> | <int constant>
<bool val> ::= <bool var> | <bool constant>
<real var> ::= <name> " " <access suffix>
<int var> ::= <name> " " <access suffix>
<bool var> ::= <name> " " <access suffix>
<name> ::= [a-zA-Z ][a-zA-Z20-9 ]~
<access_ suffix> ci="r" | "w"

<real constant> ci= ("=-")72 [0-9]+ ("."™ [0-91+)7
<int constant> o= ("-")? [0-9]+

<bool constant> ::= "True" | "False"

Listing 2. Admissible expressions definition.

4.1 Classical State Space Abstractions

A straightforward way to tame the infiniteness of variable valuations is to use a generalization of a
state space, where each node would represent not a single state, but a set of states, which have the
same marking but different variable valuations. Since sets of variable valuations may still be infinite,
we can use formulas of @ (V) to describe them (if language @ is expressive enough [9]).

First, we need a procedure to compute a formula for the next state in a state space generalization.
Let ¢ € @(V) be a formula of the current state, ¢t be some transition, and I, be a set of variables that
are simultaneously read and written by t. To compute the formula of the state resulting from
executing t on the state with ¢, we need to eliminate the existential quantifier from 3V, (¢[v/v"] A
guard(t)) and substitute v", v in the resulting formula for v. We denote this operation as ¢ &
guard(t). In our tool, results of quantifier eliminations are computed using the SMT-solver Z3
[23]. Using this operation, we can now define an abstract reachability graph (ARG):

Definition 4 (Abstract Reachability Graph). Let N = (P, T, F,V, guard) be a DPN with initial state
(M;, ;). Let (V) be the language of constraints, as in Section 3. Abstract Reachability Graph
ARG, of W isatuple (S,E,s,), where:

o 5, = (M;,¢;) € Sistheinitial node with ¢, = A,ev{v = a;(v)};
o S C M, x®(V)isthe least set that contains s, and is closed under the transition relation.

e E CSxT xS isa set of arcs labeled with transitions, s.t. (M, ¢),t, (M’, ¢")) € E if and
only if (i) ¢’ = ¢ @ guard(t) and [[¢p]] # @, (ii) for each p € P, M(p) = F(p, t), (iii)
M'(p) = M(p) — F(p,t) + F(t,p).
The ARG is infinite if a DPN is unbounded. If a DPN is unbounded, our tool terminates when a

strictly covering node is found and a fragment of the DPN is returned to a user. The covering and
strict covering relations are defined as follows.

Definition 5 (Coverability). Let (M, @), (M', ¢") be two nodes. We say that (M’, ¢") covers (resp.,
strictly covers) (M, @), denoted as (M, ¢) E (M', p") (resp., (M, @) = (M’', ")) if and only if the
sets of all assignments that satisfy ¢ and ¢’ are equal and M < M’ (resp., M < M').

The algorithm 1 implemented in the DPN Verifier toolkit for constructing an ARG is defined below.
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Input: ADPN NV = (P, T, F,V, guard) with initial state (M,, a;).
Result: (ARG, isFull), where ARGis an ARG for IV, isFull is a Boolean flag.
¢ < Noev{v = a;(v)}
So < (M, ¢p)
S —{soLE < O,N < {so}
while N = @ do
(M, ¢) « Pick(N) Il Take a node from N
N < N\{(M,¢)}
foreach t € T s.t. M[t)M' do
¢' < ¢ ® guard(t)
if =(¢' ~ false) then
foreach state (M, ¢,), on the path from s, to (M, ¢) do
if(M'>M,)A(¢' ~ ¢,) then
return (S, E, s,), false)
E—EU{(,@),6,(M,¢))}
ifv(M,p) €S:M #=M' v (¢’ ~ @) then
SeSu{M', ¢} N« NuU{M,¢"}
return ({S, E, sy), true)

Algorithm 1. ConstructARG (N, (M1, a1)).

Since some behavioral properties could be solved as coverability problems, it is makes sense to
propose an abstract coverability graph (ACG) for a user. To operate with unbounded nets, we use
the special symbol w, as in [24], which represents an unbounded number of tokens. For each integer
n,w>nwt+n=wand w = w. ACG is defined as follows:

Definition 6 (Abstract Coverability Graph). Let & = (P, T, F,V, guard) be a DPN with initial state
(M;, a;). Let @ (V) be the language of constraints, as in Section 3. Abstract Coverability Graph
ACGy of W isatuple (S, E, sy), where:

o s, = (M;,¢;) € Sistheinitial node with ¢, = A,ev{v = a;(v)};
o S5 C Myx®(V)isthe least set that contains s, and is closed under the transition relation;

e E CSxT xS isasetof arcs labeled with transitions, s.t. (M, ¢),t,(M', ¢")) € E if and
only if (i) ¢' = ¢ @ guard(t) and [[¢p]] = @, (ii) for each p € P, M(p) = F(p, t), (iii)
given M*(p) = M(p) — F(p,t) + F(t,p), M'(p) = w if there exists a node (M",¢'") €
Sce along the path from s, to (M, ), s.t. (M",¢") = (M*,¢"), and M*(p) > M" (p),
otherwise M'(p) = M*(p).

In some cases, it might be more convenient to investigate coverability problems on a tree structure.
For these purposes, we also propose an abstract coverability tree (ACT) for a user, whose definition
is very similar to Definition 6, and the only difference is in the graph structure. The algorithms for
constructing an ACG and an ACT are similar to Algorithm 1 but guarantee to return the full graph,
where unbounded positions are denoted by w. We skip definitions of these algorithms for brevity.
The structures shown above properly represent all the paths acceptable in a process. For instance, if
there is a transition firing (M, a)[t)(M', @), an ARG always contains an arc (M, ¢),t,(M', ¢"))
with a € [[¢]] and &’ € [[¢’]]. However, they may not capture the situations when a transition may
not fire due to the current variable valuation. The graphs at their current state could be used for
verifying model boundedness, absence of dead transitions, presence of paths leading to a final state,
presence of deadlocks and livelocks at the backbone level, presence of markings at which neither of
the transitions may fire due to input conditions of the transitions, etc.

4.2 Refined State Space Abstractions

When we need a more granular structure, where all the deadlocks induced by the addition of a data
flow are shown, we can transform the source net and construct the state space structures from the
previous section. The transformation is the following. For each transition ¢ with a non-trivial input
condition, we add a complementary transition (denoted as z(t)) that does not change the marking
but has a negated input condition of ¢ as a constraint, i.e., =(3write(t): guard(t)). Fig. 2 illustrates
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this transformation for a DPN from Fig. 1. An ARG constructed for such a DPN represents all the
model deadlocks as nodes that cannot be leaved by non-tau-transitions, which is shown in Fig. 3.

(or (and (> age_w 0.0) (= hasPass_w true))
(and (> age_w 0.0) (= hasPass_w false)))

true

(not (= hasPass_r false))

T(Register)

(not (= hasPass_r true))
[T(Enter Gambling Room)

Enter Gambling Room] (= hasPass_r true)

true
(= hasPass_r false)

[Register]  [Receive Pass)

T(Receive Pass

(not (not (<= age_r 18.0)))
Fig. 2. ADPN from Fig. 1 with added z-transitions.

[id:1 [i] ((and (= hasPass_r false) (= age_r a,ou’
Enter(asino‘

Id:2 [p1] ({or (and (not (<= age_r 0.0)) hasPass_r) id:4 [o] ((or (and (not (<= age_r 0.0)) hasPass_r)|
(and (not (<= age_r 0.0)) (not hasPass N1} [ (and (not (<= age_r 0.0)) (not hasPass_r))))

(id:8 [o] ({and (not (<= age r 0.0)) (not hasPass ) Enter Gambling Room
*Qult T(Enter Gambling Room)

Id:7 [p1] ({let ((a!1 (or (and (not (<= age_r 0.0)) hasPass_r) TiRegisten) (1d:5 [p3] (fand (not (<= age r 0.0)) h_asPass,rJJ]
(and (nat (<= age_r 0.0)) (not hasPass_n)}) Reglster Enter Gambling Room

(and a!1 {not hasPass_r)))) T(Enter Gambling Room) Gamble

. Id:6 [p1] ((let ((a!1 (or (and (not (<= age_r 0.0)) hasPass_r)
Register [ {and (not (<= age_r 0.0)) (not hasPass_r))))}
(@73 [p3] (1and (not (<= age._r 0.0)) hasPass_r (not (<= age_r 18.0))) {and al1 hasPass. 1) 7 T(Register)
Quit

Enter Gambling Room (93 [p2) ((and (nat (<= age r 0.0)) (not hasPass 1))

(id3 [o] ((and (not (<= age_r 0.0)) hasPass_r)]
Gamble

ceive Pass T(Receive Pass)
[\d:m [p1] ((and (not (<= age_r 0.0)) hasPass_r (not (<= age_r 1&0))]]}.:((Register] [Id'ﬂ [p2] ((and (not (<= age_r 0.0}) (not hasPass_r) (<= age r1B,0]))}D
Quit * T(Receive Pass)
(id:12 [o] (fand (not (<= age_r 0.0)] hasPass_r (not (<= age_r 13.0@

Fig. 3. An ARG for the DPN from Fig. 2. A node with a red border denotes a deadlock. Green nodes denote
final states.

However, such an ARG may not capture the livelocks induced by the data flow. The reason is simple:
the state-space narrowing caused by firing T-transitions may be overwritten by a transition in a cycle
that updates variables. We need to conduct an extended model transformation to make an ARG
granular enough for depicting livelocks. This can be done by splitting transitions that occur in cycles.
In [9], this procedure is called DPN refinement. The proposed approach requires multiple ARG
constructions to modify a DPN. At each iteration, for each transition, we need to define a set of
transitions based on which the split is done. For this, the proposed approach traverses all the
elementary and compound cycles in the ARG. All this together makes the refinement method barely
applicable to large models for which an ARG may be of a sufficiently big size.

We introduce a new version of a DPN refinement, shown in Algorithm 2, that requires a single ARG
construction and that does not require finding all the elementary cycles in an ARG. The algorithm
constructs maximal mutually disjoint cycles exploiting information about reachability sets of each
ARG node (compared to finding all the elementary cycles), and splits transitions occurring in cycles.
A transition is split based on the input conditions of other transitions occurring in the same cycles
or allowing leaving them. The input condition is considered if it includes variables overwritten by
the current transition. In the algorithm, we use functions R and R; to denote mappings between
transitions and their refined versions (R for overall and R; for the current loop iteration).
Correspondingly, we use R~1(t) to denote the base version of transition ¢. For each transition ¢, we
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also define N (t) as a set of transitions that occur in cycles that include t (in ARG,) or allow leaving
them. In a while loop, the algorithm splits transitions in cycles until the set of transitions stabilizes.
For each DPN transition t, we define the set T;;,:q40rs 8S @ SUbset of transitions, whose base versions
are in the same cycles as the base version of transition ¢. Transition t" is in Ty;,;qers if t' has an input
condition on a variable that is overwritten by t. Procedure RefineTransition (Algorithm 3) splits
atransition based on T;p,;4ers- We try to perform the refinement for each DPN transition and proceed
to the next iteration if at least one of the refinements produced multiple transitions. After the set of
transitions stabilizes, the loop is exited and the flow relation of the refined DPN is defined. Refined
transitions have the same incoming and outgoing arcs as their base versions. Compared to [9], we
may split slightly more transitions, but the growth in the resulting ARG size is compensated for by
skipping multiple ARG constructions.

Input: ADPN V' = (P, T, F,V, guard) with an abstract reachability graph ARG .
Result: N = (P, Tg, Fg, V, guard), a refined version of V.
toProceed « true, T < T
(Cycles, Exits) = GetMaxDisjointCycles(ARGy)
foreacht € T do
R(t) «t
N(t) «{t'eT|(st/,s") € CUExits(C),(s",t,s"") € C,C € Cycles,t" # t}
while toProceed do
toProceed « false
foreach t € Ty do
Taividgers < {'[t' € R(¢"),t" € N(R71(t)), read(t") nwrite(t) # @}
R;(t) « RefineTransition(t, Tyividgers)
if |[R;(t)| > 1 then
toProceed « true
foreacht € T do
R(t) « {t"|t' e R;(t"),t" € R()}
Ty < {t|t€R(),t €T}
foreach t € Ty do
foreachp € P do
FR(prt) < F(er_l(t))v FR(trp) < F(R_l(t)rp)
return (P, Ty, Fg,V, guard)

Algorithm 2. RefineDPN (N, ARGn).

(and (not (<= b_w a_r) (<= 3.0 b_w))

@ m (>bwalr (>aw00)
(>a_w0.0) and (not (<= b_w a_n) (not (<= 3.0 b_w)))

(< br3.0) (<b.r3o)

o)
(a (b)

Fig. 4. DPN refinement example. (@) DPN before the refinement. (b) DPN after the refinement. Transition ¢t1
is split into t1 — [t2] and t1 + [t2] based on the condition of t2.

Algorithm 3 defines the procedure that splits a transition based on the set of transitions-dividers. For
each transition t, in the set of transitions-dividers, we obtain its input condition, substitute the read
variables for write ones in this condition if such variables are overwritten by t, and try to split each
transition from T,..rineq, Which accumulates the refined transitions, based on this condition and its
negation. The example of the DPN refinement is shown in Fig. 5. Here, transition t1 is split based
on t2. The constraint of t1 is b > a” and the only transition from T;,;4ers has the guard b™ < 3.
The refinement produces two transitions: one with guard b* > a” A b¥ < 3 and another with guard
b¥ >a" AbY = 3.
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If T-transitions are added to the refined DPN, the ARG for the resulting model becomes sufficient
for highlighting all model livelocks and, thus, could be used for soundness verification.
Input: A transition t to refine and a set of transitions T;,;4ers t0 cOnduct the refinement based on.
Result: Ty fineq, a set of transitions resulted from refining ¢.
Trefined < {t}
foreach t; € Tyipiders dO
¢q < Awrite(ty): guard(ty)
foreach v € write(t) do
$a < Pa[v\v"]
Trefinedd < Q
foreach t, € Tyfineq dO
guard(t]) « guard(t,) A ¢q
guard(t;) < guard(t,) A =y
if IsSatisfiable(guard(t;})) A IsSatisfiable(guard(t;)) then
Trefinedd « refinedq U {t;rv t;}
else
Trefinedd « refinedq U {t}
Trefined < Trefinedd
return Trefineq

Algorithm 3. RefineTransition (t, Tdividers).

4.3 Soundness Verification

The implemented soundness verification algorithm shown in Algorithm 4 transforms the model by
splitting transitions and adding t-transitions and investigates the ARG of the resulting model. The
analysis performs graph-traversing techniques to verify the soundness property from Definition 3.

Input: ADPN V' = (P, T, F,V, guard) with initial state (M,, ;) and final marking M.
Result: (ARG, isSound), where ARG is an ARG for V" (if unbounded) or for V. (otherwisg), isSound is a Boolean flag.
(ARG, isFull) « ConstructARG(N, (M;, a;))
if misFull then
return (ARG, false)
Ng < RefineDPN (N, ARGy)
Ng, < GetTauDPN (Ng)
ARGy, < ConstructARG (Ng,, (M, a;))
return AnalyzeARG (ARGy, , M)

Algorithm 4. VerifySoundness (N, (Mi, a1), MF).

The examples of soundness verification results visualization are shown in Fig. 3 and Fig. 7.
Besides classical soundness verification, the tool implements an algorithm for verifying relaxed-
lazy soundness, which is applicable for checking correctness of resource-oriented models [13].
Relaxed lazy soundness requires a model to have at least some executions that terminate with one
token in o and potentially other tokens in the model and have each of the transitions present in at
least one such execution. For verifying this property, classical ACG becomes sufficient.

4.4 ASML Format

Although ARG visualization may be convenient, it may be useful to export the graph for further
analysis. This is especially reasonable if the number of ARG nodes is too high for visualizing or if
it is undesirable to reconstruct the state space again. That is why we have proposed the ASML format
for exporting and importing the graphs of abstract state space abstractions. The full xsd-schema for
this format is stored in the GitHub repository. In short, we store the information about nodes and
arcs, about the state space type (ACG, ARG, ACT, etc.), and about the DPN elements, namely
transitions, variables, and the final marking. Transition constraints follow the Backus-Naur form
from Section 3.1. State constraints have a very similar form with the only difference that variables
in formulas do not have _w and _r subscripts. The ASML format is sufficient both for analyzing
graphs in other systems and for their proper state space visualization in the DPN Verifier.
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5. Means for Data Petri Net Repair

If a model is unsound, it is often desired to slightly modify the model to make it sound. In our tool,
we follow the approach proposed in [10], repairing a model by restricting transition constraints (by
that, we forbid executions that lead to failure points in the source model). A repair can be divided
into three steps: (i) making the DPN bounded, (ii) eliminating model deadlocks and livelocks, (iii)
removing dead transitions and isolated places. The algorithm is implemented as a semi-decision
procedure: it guarantees to terminate, but the repair may not succeed. If the repair was not successful,
the tool informs the user about it and proposes to use other repair algorithms. We omit the algorithm
pseudocode for brevity since it is very similar to the code given in [10]. The difference in the
algorithm implementation is the following. First, our implementation uses an ACG to make the DPN
bounded instead of an ACT. A coverability tree is usually larger than a coverability graph and has
duplicate nodes. By using an ACG, we may omit the necessity to compute the results of the same
expressions multiple times. Second, our implementation incorporates the DPN refinement from
Algorithm 2, which requires a single ARG construction to refine a model and does not require
finding all the elementary cycles. This allows conducting the repair faster in most cases.

Fig. 5 illustrates the repair result of a DPN from Fig. 1.

(or (and (not (<= age_w 0.0)) hasPass_w)
Enter Casino| (and (not (<= age_w 0.0)) (not hasPass_w)))

(and (or (<= age_r 0.0) (not (<= age_r 18.0))) (not hasPass_r))

Register —@1\ Quit]

hasPass_r
Enter Gambling Room)

(and hasPass_w (not (<= age_r 18.0)))

Fig. 5. A repaired DPN from Fig. 1 using the implemented repair algorithm.

6. Delivery Formats

The DPN Verifier toolkit is delivered as a library, as a console application, and as a desktop
application. Compared to Ada [12], DPN Verifier is fully open-source and easily deployable, which
guarantees its usefulness even after the maintenance termination. The toolkit is implemented using
the C# language, allowing for generally faster algorithm execution compared to Python.

6.1 Library

The solution consists of four main libraries: DPN.Models, DPN.Generation, DPN.Parsers, and
DPN.Soundness. DPN.Maodels is a core library containing classes for all the elements associated
with DPNs used by other libraries. DPN.Generation is a library for generating random DPNs for
experiments. It provides capabilities for constructing a random DPN according to the given
parameters. The library could be used for synthetic experiments of algorithms for DPNs or as an
entry-point to see how a DPN can be verified, repaired, and exported. DPN.Parsers is a library that
allows converting a DPN to the PNMLX format, an abstract state space structure to the ASML
format, and vice versa. The library also includes the internal code for proper serialization and
deserialization of formulas, both in transition and state constraints. DPN.Soundness is a library that
provides capabilities for soundness verification and repair. Verification algorithms (classical and
relaxed-lazy) implement a single method, Verify, that takes a DPN and verification settings as input
and returns the object that stores all the information regarding the DPN soundness that can be further
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shown to a user. A repair algorithm is implemented only for classical soundness. Its method Repair
takes a DPN and repair settings as an input and returns an object storing the important information
regarding the repair algorithm execution. Verification and repair settings are used to configure the
algorithms, for instance, by specifying the type of a state space structure to use in the operation.
Besides that, there are utility classes for constructing state space structures from Section 4.1 and
performing transformations from Section 4.2.

6.2 Console Application

The console application, called DPNVerifier.Console, provides capabilities for verifying and
repairing DPNs saved in the PNMLX format. If verification is called, the tool, as a result, returns
information about model soundness and about the abstract state space constructed. If the flag
SaveStateSpace is used, the state space is saved in the ASML format at the predefined location. If
the flag Verbose is used, the information about each node in the abstract state space structure is
written as an output. If a repair is called, the tool, as a result, produces the repaired DPN (if a repair
was successful) and saves it in the PNMLX format at the predefined location. The console app could
be used as a standalone application or in different pipelines. Regarding pipelines, we define two
main directions: (i) using the verify and repair operations right after automatic model discovery to
guarantee model soundness, or (ii) using the repair operation together with other DPN repair
approaches to propose different repair options to a user for an unsound DPN.

Listing 3 is the output of the DPNVerifier.Console call without any arguments, showing all possible
parameters for a tool and examples of the tool calls. Listing 4 is the repair result for the DPN example
from Fig. 1.

6.3 Desktop Application

The desktop application allows a user to import/export/generate a DPN, visualize it, conduct DPN
transformations described in Section 4.2, construct and visualize abstract state space structures,
defined in Section 4.1, import/export them, and perform soundness verification and repair.

The main application window is shown in Fig. 6. The File tab allows opening and saving a DPN and
opening an abstract state space structure. The Transition Systems tab allows constructing and
visualizing an ARG, an ACG, and an ACT, both for source DPNs and the ones transformed using
techniques from Section 4.2. The Soundness tab provides capabilities for soundness verification and
repair. The Model tab provides capabilities for transforming a DPN to tau-DPN and refined DPN.

DPN Verification and Repair Console Application

Usage:
--Operation <Verify|Repair>
--DpnFile <path to dpn file>
-—OutputDirectory <output directory>
--SoundnessType <Classical|RelaxedLazy>
—--SaveStateSpace <true|false>
--VerificationParameters "<keyl> <valuel> <key2> <valuez>..."
--RepairParameters "<keyl> <valuel> <key2> <value2>..."
--Verbose

Examples:
--Operation Verify --DpnFile model.pnmlx -OutputDirectory
./results --SoundnessType RelaxedLazy --Verbose
--Operation Repair --DpnFile model.pnmlx -OutputDirectory
./results --SoundnessType Classical

Listing 3. Admissible expressions definition.
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Processing DPN: Casino.pnmlx

Places: 5, Transitions: 6, Variables: 2

Starting repair...

Repair result: Success

Repair steps: 1

Repair time: 0.13 seconds

Repaired DPN saved to C:\workspace\Casino-repaired.pnmlx

Listing 4. Admissible expressions definition.
. DPN Verifier

File  Transition Systems Soundness Model

(> a.w 0.0)

Fig. 6. Main DPN Verifier window with the visualized livelock example from Fig. 4(a).

The visualization of abstract state space structures is done in a separate window, which is also used
for illustrating soundness verification results. Fig. 7 shows this window as a result of soundness
verification for a DPN from Fig. 6. All the nodes have adjusted visualization according to their type.
For instance, final nodes are colored in green, nodes with no path to finals are not colored but have
a red border, dead nodes are colored in red, and nodes with unclean finals are colored in blue. At the
bottom, the total information regarding soundness is shown. Since the analysis of the state space
structure costs sufficiently less than its construction, the analysis is conducted on each state space
construction. This helps a user detect potential problems in a model. This window allows a user to
export the state space structure in the ASML format by pressing the button Export Graph. The
exported graph can further be opened from the main window. If the graph is too large, we only
visualize it if a user approves this action.

7. Experimental Evaluation

We tested our verification and repair algorithm implementations in the DPN Verifier toolkit on the
standard DPNs from the literature and compared their performance against two existing tools ([10]
and [12]). As shown in Table 1, our implementation is faster for almost all models. The sole
exception was the Road Fines Mined model, for which our repair algorithm generated significantly
more transition splits than the method in [10], resulting in a slightly higher execution time. Despite
this case, the experimental results demonstrate that our refinement approach generally reduces
verification and repair times for standard models from the literature and that the implemented
soundness verification and repair algorithms can be used in realistic application domains.

In the future, we also plan to evaluate the algorithms’ implementations on synthetic data using the
DPN generation feature described in the previous section.
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State Space Visualization -

(@3 (50 (nd (= b7 00) ot (<= 5.7 0] (<= 3

2 frT+t2) 3

(@73 (o] {{and (= b_r 0:0) (not (<= a.r D.0)) (<= 30 &0 (1d:12 [p0] ((and (not (<= a_r 0.0)) (not (<= b_r a_n) (<= 3.0 b_1) (<= 3.0 a_==t1-t2 ({8 [p0] {(and (nat (<= a_r 0.0)) (Not (<= b_r a_1) (ot (<= 3.0 b Je=>t1+12

7 -t \t1412

(@5 101 (and (not (== a_r 0.0)) (not (<= b_r & r)) (not (<= 306 0)) {13 [p0] ((and (not (<= a_r 0.0]) (not (<= b_ra_n) (<= 3.0 b_r) {nat (<= 3.0 a_N)l===t1t2

Export Graph

Classical Soundness is not satisfied:

Full state space graph is constructed.

Constraint states: 10. Constraint arcs: 16

Initial states: 1. Final states: 3. Unfeasible (no way to final) states: 1. Unclean final states: 0. Deadlocks: 0.
Dead transitions count: 0

Fig. 7. State Space Visualization window with results for soundness verification of the livelock example.

Table 1. Verification and repair times on models from the literature. Size is measured in the number of places
(P), transitions (T), and variables (V). The unbounded and BPMN examples were not tested on the Ada tool.
Nonetheless, the unbounded example cannot be repaired by the Ada tool due to the algorithm restriction.

Verification Repair
Model Size DPN Prototype | Ada DPN Prototype | Ada
Verifier [10] [12] Verifier [10] [12]

Livelock Example [9] 3P+3T+2V 77 ms 196 ms 855 ms 123 ms 205 ms 2.1s
Hrg)t])ounded Example 5P+4T+1V 5ms 7ms ? 20 ms 32 ms -
BPMN Example [9] 10P+10T+5V 38 ms 54 ms ? 116 ms 203 ms ?
Casino Example [10] 5P+6T+2V 31ms 40 ms 920 ms 112 ms 134 ms 2.7s
Digital Whiteboard: 7P+6T+3V | 20ms | 26ms | 120ms | 68ms | 118ms | 21s
Transfer [25]
Package Handling [8] 16P+28T+5V 745 ms 902 ms 13s 754 ms 3.7s 6s
Road Fines Mined [25] 9P+19T+8V 296 ms 410 ms 3.1s 18s 16s 245
Simple Auction [16] 4P+4T+2V 57 ms 183 ms 1.7s 130 ms 263 ms 25s
Hospital Billing [25] 17P+16T+4V 68s 108 s 181s Already Sound
Sepsis Mined [25] 24P+35T+4V 455 101s 103s Already Sound

8. Conclusion

In this paper, we introduced the toolkit for soundness verification and repair for data-aware process
models represented as DPNs. The toolkit allows importing a DPN, visualizing it, verifying it for
soundness, and repairing if it is unsound. Besides that, the state space of the DPN can be visualized
at different granularity levels. The latter allows for verification of a desired behavioral property
without the need to construct the most granular state space abstraction. The state space structure
itself could be exported, which can be especially useful if a user wants to analyze the state space for
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different properties or if a user wants to save the results in order not to construct it again. The
verification and repair algorithms introduced in this paper and implemented in the tool are justified
to have lower execution times compared to the existing solutions. The toolkit is delivered in three
forms: as a library, as a console application, and as a desktop application.

The toolkit could be used in different scenarios. First, when a modeler designs a process to be
implemented. Verifying its model for soundness could help to detect failure points in a process
before its implementation, whereas repairing the model could eliminate such failure points and
guarantee that the process would always properly terminate. Second, when a process is already
implemented according to the model, and an analyst or a modeler wants to verify the already used
process for the absence of failure points or of potentially unbounded resource consumption. The
toolkit can highlight the problems in a model if they exist and propose a solution for eliminating
such problems. This information can form a basis for decision-making regarding process
improvement. Third, when a model is automatically discovered from event logs. In this case,
soundness of the discovered model is not guaranteed, but can be ensured by verifying and repairing
it with the proposed toolkit. It is important to note that the toolkit can also be used for analyzing
other behavioral properties, not limited to soundness. The tool can construct the needed state space
abstraction, which a user may export and verify for certain properties using other tools.

In the future, we plan to extend the tool with new means for model analysis, potentially using
temporal logics. It might also be useful to develop the DPN editor so that a user can build the DPN
right in the introduced desktop application. Another important point is to conduct a thorough
comparison with [9] and [10] on synthetic data to clarify whether the proposed algorithm
adjustments indeed help to reduce the execution time in the vast majority of cases.
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