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1. Introduction

Petri nets are a popular formalism to describe and analyse concurrent systems [1]. They are widely used due to their
rich body of theoretical results enabling analysis, and the maturity of the supporting tools. Some domains where Petri
nets have been successfully applied include manufacturing systems [2], cluster tools [3], distributed protocols [4], process
modelling [5], web modelling [6], cloud systems [7], reversible computation [8], and Internet of Things (IoT) technologies [9],
to name a few areas.

Some scenarios require modelling a family of systems that share common elements but differ in some of their parts.
The literature reports different examples such as the design of variants of controllers for cyber-physical systems [10], the
enumeration of possible configurations of flexible assembly lines [11], the analysis of parameterised architectures [12], or
modelling the variability of service robots [13]. In such scenarios, modelling and analysing each system variant separately is
suboptimal: the common parts have to be repeatedly defined in each variant, maintenance and evolution become complex
since modifications may need to be replicated in several variants, and verification is costly as each variant needs to be
analysed on its own.

In this respect, software product lines [14,15] have proven valuable for reducing the complexity when dealing with
software systems variants’ in general, and recently, they have been applied to define Petri nets with variability [16-18].
Petri Net Product Lines (PNPLs) permit the compact definition of a system family by means of a Petri net where all variants
are superimposed, and from which specific variants can be obtained by slicing. This simplifies the management of the
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Fig. 1. Main theoretical result of this paper.

system family because just one artefact (the PNPL) suffices to define all variants of the family in a unified way. In addition,
since analysing each system variant on its own may be costly when the number of variants is high, some authors have
devised ways to lift standard Petri net analyses to the PNPL level, avoiding the need to analyse each net of the family in
isolation. We can find lifted analysis for structural properties in [17], and based on the reachability graph in [18].

In this paper, we focus on specific analyses based on the incidence matrix of a Petri net. This matrix describes the
effect of firing each transition on each place of the net. Its analysis enables proving some structural properties of Petri
nets without constructing the reachability graph, as this latter may suffer from the state space explosion problem [1]. In
particular, it permits the identification of transition and place invariants (T- and P-invariants in short). On the one hand,
T-invariants identify loops in the net, i.e., sequences of transitions whose overall effect is null and cause the net to go back
to its initial state. This analysis is useful to reason about reversibility of states and to investigate transition liveness (i.e., the
fact that each transition can be enabled again and again) [19]. On the other hand, P-invariants indicate that the number
of tokens in any reachable marking satisfies some linear invariant (e.g., that the number of tokens in a given set of places
remains constant). This can be useful to prove resource preservation, mutual exclusion properties or as a pre-processing
step for reachability analysis [20]. Section 2 motivates both analyses by means of a running example of a family of vending
machines, where the selling process of every specific machine should end up in the initial state (a T-invariant), and no
vending machine can sell two products concurrently (a P-invariant).

This paper is a continuation of our previous work [16,17], where we lifted the analysis of structural properties (marked
graph, state-machine and extended free-choice) to the product line level. In this work, we lift P- and T-invariant analysis,
which requires radically different techniques. In particular, we generalise the standard incidence matrix of Petri nets to the
product line level, encode the net variability in the generalised matrix, and analyse the matrix using constraint solving [21].
We demonstrate soundness and completeness of our method, for which we rely on the main result illustrated by Fig. 1.
Specifically, given a product line PNL and a configuration p of PNL, we show that extracting the Petri net AV, corresponding
to p, and then calculating its incidence matrix C N, yields the same result as calculating the generalised incidence matrix
Lpnr of PNL, and then projecting over the configuration p.

Overall, the novel contributions of this paper are the following:

(i) We propose techniques for the lifted analysis of P- and T-invariants in PNPLs, based both on a generalisation of the
notion of incidence matrix, constraint solving and an elaborate notion of PNPL that considers parallel arcs;
(ii) We present tool support for our new analysis and improved modelling support in the TIiTAN tool, an Eclipse plugin that
is freely available at https://github.com/antoniogarmendia/titan;
(iii) We report on experiments that demonstrate the improved efficiency of our lifted invariant analysis in comparison to
analysing each variant separately.

The rest of this paper is organised as follows. Section 2 provides motivation and a running example. Section 3 overviews
the basics of Petri nets and their matrix-based analysis. Section 4 presents our notion of PNPL. Section 5 lifts the matrix-
based analysis to the product line level. Section 6 describes our tool support. Section 7 evaluates the performance of our
lifted analysis. Finally, Section 8 compares with related works, and Section 9 ends with the conclusions and future work.

2. Motivation and running example

As we argued in the introduction, some scenarios require defining and analysing several variants of a system, which are
modelled as Petri nets in our case. This may be challenging if there are many variants. As an example (adapted from [22])
assume we aim to model and analyse several variants of a vending machine that differ in the products that they sell.
Specifically, each vending machine variant permits selling one or more among three kinds of items (tea, coffee, and solid
food), and may offer or not two kinds of supplement (milk and sugar). Moreover, no vending machine offers milk unless it
provides coffee, or sugar unless it provides tea or coffee. In total, the vending machine family comprises 21 variants. Fig. 2
shows three of them, selling coffee and tea with no supplements (a); coffee and tea with sugar (b); and tea with sugar (c).

Defining each variant separately is time-consuming and error-prone. As the figure shows, the nets have common parts,
so that changes in one net may need to be replicated in several others. Moreover, extending the family to account for new
items (e.g., decaf) or supplements (e.g., saccharine) results in an exponential growth in the number of net versions to be
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Fig. 2. Variants of a vending machine that sells: (a) coffee and tea with no supplement; (b) coffee and tea with sugar; (c) tea with sugar.

considered. In this paper, we are interested in the analysis of Petri net invariants. For instance, we would like to assess
that no matter the vending machine variant or the bought product, any sale ends with the vending machine in the initial
state, ready for starting a new sale. This can be expressed with a T-invariant, which can be analysed for each particular
Petri net. Similarly, we may like to check that the net of each vending machine variant preserves the number of tokens,
hence ensuring that all variants avoid serving coffee, tea or solids at the same time. This property can be expressed as
a P-invariant. However, analysing each net version one by one to find T- and P-invariants can be time-consuming if the
number of variants is large.

To alleviate this problem, we resort to product lines to enable the compact representation of all Petri nets of a family in
a single net [17]. A product line of Petri nets merges all nets of a family into one net, and provides mechanisms to identify
which parts of the merged net belong to each variant, and to easily retrieve each variant as needed using a configuration.
Regarding analysis, enumerating and analysing each net variant one by one is time-consuming. Likewise, a naive, direct
analysis of the merged net is not sufficient either, as the result of analysing the merged net may not correctly capture the
result of analysing each net variant. For example, the merged net may have invariants that do not belong to any valid net
variant it contains. Hence, we propose a method to lift the analysis of Petri net P- and T-invariants to the product line level,
in order to reduce the analysis time with respect to analysing each net in isolation. This method permits analysing all nets
of a family at the same time, instead of one by one, and ensures correct results.

3. Petri nets and matrix-based analysis

Next, we provide the background on Petri nets (PNs) needed to understand the rest of the paper: basics of PNs (Sec-
tion 3.1), calculation of the incidence matrix and the state equations (Section 3.2), and place/transition invariant analysis
(Section 3.3).

3.1. Basics of Petri nets

Petri nets are a graphical and mathematical modelling tool for describing concurrent systems. A PN model of a system
consists of: (i) a net structure that captures the static part of the system as a weighted bipartite directed graph (Definition 1);
and (ii) a marking representing the system state, distributed across the net structure (Definition 2).

Definition 1 (Petri net structure). A PN structure is a tuple N = (P, T, Apt, Arp, Srcpr, tarpr, srcyp, tarrp) made of:

o Finite, pairwise disjoint sets P of places; T of transitions; Apr of place-to-transition arcs; and Arp of transition-to-place
arcs.

e The functions srcpr: Apr — P, tarpr: Apr — T identifying the source place and target transition of place-to-transition
arcs.

e The functions srcyp: Arp — T, tarrp: Arp — P identifying the source transition and target place of transition-to-place
arcs.
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We use A= Apr UArp for the set of all arcs, and define two derived functions wpr(p,t) and wrp(t, p) - called arc weights
- returning the number of arcs from a place to a transition, and vice versa. Formally, given a place p € P and a transition
teT, wpr(p,t) ={ae Apr | srcpr(@) = p Atarpr(a) =t} and wrp(t, p) = [{a € Arp | srcrp(a) =t Atarrp(a) = p}l.

Remark. Typically, most formalisations of PNs [1] represent the set A of arcs as a subset of the relation (P x T) U (T x P),
and parallel arcs as a weight function w: A — N. Instead, we represent arcs explicitly to enable their annotation with the
variants they belong to (this annotation is called presence condition, PC). This way, the weight of arcs is a derived notion in
our formalisation.

In the following, we use ot to denote the pre-set of incoming arcs of t, {a € Apr | tarpy(a) =t}, to for the post-set of
outgoing arcs from t, {a € Arp | srcrp(a) =t}, and similarly for places (op and po). In addition, we assume an implicit
ordering for places and transitions, using p; for the i-th place in P, and t; for the j-th transition in T.

The state of a PN is distributed, defined by the number of tokens in each place (the local state of that place).

Definition 2 (Marked Petri net). A marked PN, S = (V, Mp), is made of a PN structure N (as in Definition 1) and an initial
marking Mg = [my, ..., my]7. The latter is a (column) vector with size |P| of natural numbers (including 0), where each entry
m; is the number of tokens of place p;.

Marked PNs can be simulated by the token game. A transition t is enabled at a marking M if and only if all its input
places p; have at least as many tokens as the arc weight wpr(p;,t). Enabled transitions may fire, producing a change in
the system state. When a transition t fires, its input places p; are removed wpr(p;,t) tokens, and its output places p;. are
added wrp(t, p/j) tokens.

Graphically, places are depicted as white circles, transitions are depicted as black bars, directed arcs (arrows) connect
places to transitions and transitions to places, and tokens are represented by black dots inside places (cf. Fig. 2).

3.2. The incidence matrix and the state equation

This subsection follows closely the definitions in [1]. Different kinds of properties can be analysed on PNs to obtain valu-
able information of the modelled systems. Properties can be generally classified into behavioural and structural, based on
whether they depend on the initial marking or not. Behavioural properties (e.g., reachability, safeness, liveness [1]) can be
proved by constructing the reachability graph, which may become exponential on the number of places [23]. Instead, anal-
yses of structural properties overcome the state explosion problem by relying just on the net structure. Specifically, many
structural analyses construct an incidence matrix encoding the connections between places and transitions, and then typi-
cally derive transition or place invariants that cover parts or all the net. This is the kind of properties this paper is interested
in. The properties linked to this matrix-based approach include structural boundedness, conservativeness, repetitiveness and
consistency [1].

Definition 3 formalises the concept of incidence matrix.

Definition 3 (Incidence matrix [1]). Given a PN structure N, its incidence matrix Cxr = [c;j] is a |T| x |P| matrix of integers,
with each entry given by c¢;jj = wrp(tj, pj) — wpr(pj, ti).

In the previous definition, wpr(pj, t;), wrp(ti, pj) and c;; represent respectively the number of tokens removed, added
and overall changed in place p; when transition t; fires. Hence, C s can also be expressed as a substraction of matrices of
the form Cyr = C}, — Cj, with Cj, = [C;JT =wrp(ti, pj)] and Cj, = [c;; = wpr(pj, ti)]-

Example 1. The incidence matrix of the Petri net in Fig. 2(a) is:

\start tea coffee cup tray

seltea | -1 1 0 0 0 8(1]?83 }gggg
sel_coffee | —1 0 1 0 0 00010 6100 0
Cha, = tea_end 0 -1 0 1 0 — _
! 00010 00100
coffee_end | 0O 0 -1 1 0
take 0 0 0 1 1 00001 00O0T1O0
go_start 1 0 0 0 -1 10000 00001

The matrix Cps;, has as many rows as transitions, and as many columns as places. Each cell ¢; j reflects the net effect
of firing transition i on place j. For example, Cteq endrea = —1 since firing tea_end removes a token from place tea, while
Ctea_end,cup = 1 since firing tea_end adds a token to place cup.

A transition t; is enabled at a marking M if M(j) > (C/_\/(i, j) for 1 < j <|P|, where M(j) is the j-th position of the
vector M, representing the marking of place p;, and (fo(i , j) is the cell (i, j) of matrix (CK,, representing the tokens to be
removed from place p;j when transition t; fires.
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Example 2. In Fig. 2(a), transitions sel_tea (with index 1) and sel_coffee (with index 2) are enabled in marking M =
[10000], since M(j) > (Cj([](l,j): [10000](j), and M(j) > (C'K/](Z,j) =[10000](j), for1<j<5.

The matrix C s allows computing the next net state upon firing an enabled transition. For this purpose, we define a
firing vector u; =[0...1...0]7 (a column vector with size |T|) to represent the k-th firing in some firing sequence, where the
only 1 in the i-th position indicates the firing of the transition t;. We say that the firing vector is applicable at marking M
if transition t; is enabled at M. Since the i-th row of the incidence matrix C s denotes the marking changes as a result of
firing t;, the state equation of a PN with a marking Mj_q is:

Mg =My 1+Cr-u, k=1,2,...

where (CJT\[ is the transpose of matrix C /.

Example 3. In Fig. 2(a), the next state after firing transition sel_tea can be calculated as:

1 -1 -1 0 0 0 1 (1) 1 -1 0
0 1 0 -1 0 0 0 0 0 1 1
o+l 0o 1 0 -1 0 o0 ol=10o]+|0o|=]o
0 000 1 1 -1 0 0 0 0 0
0 0 0 o0 1 -1 0 0 0 0

Firing transition sel_tea removes one token from place start and adds a token in place tea. Therefore, the resulting marking
has one token in place tea and zero in the rest of the places.

If a marking My is reachable from the initial marking Mg, then a sequence (uq, uy, ..., uy) of firing vectors must exist [24].
By adding those vectors, we can express several firing steps with one equation as follows:

d
Md:M0+(C};/'Zuk
k=1

3.3. Place and transition invariants

Invariants [25] are assertions guaranteed to be true in all reachable states of a given net. Here, we focus on structural
invariants, a kind of invariants that do not require computing the reachability graph of the net, which generally is very
expensive to calculate. Structural invariants are useful for deriving certain properties, such as conservativeness, liveness,
home states and consistency, among others [26]. We focus on two kinds of invariants: place invariants (P-invariants) and
transition invariants (T-invariants) [1].

A T-invariant identifies a set of transition firings that can return the net to the same marking, therefore indicating a
possible loop. In the running example, identifying the T-invariants of the nets in Fig. 2 can be used to assess that any
possible sequence of transition firings will end up leading to the same initial marking. In other words: after completing a
sale, the vending machine always returns to the starting point to allow new selections.

Definition 4 (T-invariant [1]). Given a PN N/, a T-invariant is a non-trivial integer column vector X of size |T| satisfying:

(C/T\; -x =0, where each element x(i) of the vector x is > 0
We use invr (N) for the set of all T-invariants of A/.
T-invariants denote possible cycles in the reachability graph, but they may not be realisable (i.e., there may not be a
reachable marking where the sequence of transition firings is applicable). A vector X of size |T| is a realisable T-invariant iff

there exists a reachable marking M and a sequence (uy, uy, ..., ug) of applicable firing vectors changing the marking M back
to M, where the sum of the firing vectors equals x [1].

Example 4. The net of Fig. 2(a) has two loops caused by the firing sequences sel_tea; tea_end; take; go_start and sel_coffee;
coffee_end; take; go_start. In the case of the first loop, this is so because:

|sel_tea sel_coffee tea_end coffee_end take go_start

1 0

start -1 -1 0 0 0 1 0 0

tea 1 0 -1 0 0 0 1] 0

coffee 0 1 0 -1 0 0 [V 0

cup 0 0 1 1 -1 0 1 0
tray 0 0 0 1 -1 1
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(a) sel_tea tea_end

cup take

go_start

tray

(b)

sel_coffee coffee_end go_start

Fig. 3. Two T-invariants of the Petri net in Fig. 2(a).

A similar equality holds for the second loop. The vector [1 01 0 1 1]7 is realisable. It can be decomposed into four firing
vectors: [100000]",[001000]",[000010]",[0000 0 1]". The first vector is applicable to Mp =[1 0 0 0 0]", the
subsequent vectors are applicable in sequence, and the final marking is again Mp.

The set of transitions corresponding to the non-zero entries of the T-invariant vector x is called the support of X, written
supp(X). An invariant is minimal if its support does not contain the support of any other invariant, and the greatest common
divisor of all non-zero entries of X is 1. This way, while T-invariants can be understood as multi-sets, minimal invariants are
frequently sets. The set of minimal invariants forms a generating set of base vectors for all possible invariants that can be
formed as linear combinations of the minimal invariants [27]. A minimal T-invariant defines a connected subnet within a
PN, consisting of a set of transitions (those in the support), their pre- and post-places, and all arcs between them.

Example 5. Fig. 3 graphically shows the two T-invariants described in Example 4 for the net in Fig. 2(a). Every element in
the original net is covered by one of the T-invariants, meaning that the net always returns to the initial state regardless of
the chosen beverage. Generally, liveness of bounded nets covered by T-invariants can be checked efficiently [19].

Similarly, a P-invariant denotes a set of places on which the weighted sum of their tokens remains constant in any
possible reachable marking. P-invariants can be used to prove mutual exclusion and can be seen as a token-preserving net
component. In our example, we can use P-invariants to prove that none of the machines serves both tea and coffee at the
same time.

Definition 5 (P-invariant [1]). Given a PN N, a P-invariant is a non-trivial integer column vector y of size |P| satisfying:

Ca -y =0, where each element y(i) of the vectory is > 0

We use invp(N) for the set of all P-invariants of N.

The P-invariant vector y identifies a set of places where the weighted sum of tokens remains constant in all reachable
markings regardless the initial marking. This means that given any two reachable markings M; and M;, M; -y = M; -y. When
all entries in y are 0 or 1, the sum of tokens in the places corresponding to the non-zero entries remains unchanged in all
reachable markings.

Just like for T-invariants, there is also the notion of minimal P-invariant. This defines a connected subnet within a PN,
consisting of a set of places, their pre- and post-transitions, and all arcs in between. A net is covered by P-invariants if every
place belongs to some P-invariant.

Example 6. The three nets in Fig. 2 have one minimal P-invariant that indicates the preservation of the number of tokens
(1) in all possible markings. This means that all places in the nets are mutually exclusive, and demonstrates that a vending

machine cannot serve tea and coffee concurrently. As an illustration, [1 1 1 1 1]7 is a P-invariant for the net in Fig. 2(a)
because:
\ start tea coffee cup tray
sel_tea -1 1 0 0 0 1 0
sel_coffee | =1 0 1 0 0 1 0
Cpay=| teaend | 0 -1 0 1 0 1|=1|o
coffee_end | 0O 0 -1 1 0 1 0
take 0 0 0 -1 1 1 0
go_start 1 0 0 0o -1
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Table 1

Conditions for some structural properties [1].
Property Condition
Structurally bounded Jy. Cpr -y <0 with y(i) >0
Conservative Jy. Cnr -y =0 with y(i) >0
Partially conservative Jy#0. Cpr-y=0 with y(i) >0
Consistent 3x. CL, -x=0 with x(i) > 0
Partially consistent Ix#0. C/T\/ -x=0 with x(i) >0
Repetitive Ix. Ck, - x>0 with x(i) > 0
Partially repetitive Ix#0. (C/T\, -x >0 with x(i) >0

P FM = (

{ VendingMachine, Container,
& Mandatory | | Beverage, Solid, Tea, Coffee,
Container | | Supplement | | & Optional | | Supplement, Milk, Sugar },

/‘\ /‘\ A, Or Group VendingMachine A

’ Beverage H Solid H Milk H Sugar ‘ A\ Alternative élnvt:irgzzv Solid)

(Beverage <> (Tea v Coffee)) A

VendingMachine Legend:

g;‘;ﬁg‘*;ef/‘::;fi“tsz ~ (Supplement < (Mik v Sugan) A
Milk = Coffee ' Sugar = Beverage A
- Milk = Coffee )
(@) | (b)

Fig. 4. Feature model of the running example. (a) Using the feature diagram notation. (b) Using Definition 6.

The set of T- and P-invariants can be calculated using matrix-based computations, e.g., with the Farkas algorithm [28,29].
Instead, as we will see in Section 5, our approach applies constraint solving [21] to solve the equations given by Definitions 4
and 5, where each entry of the vectors x and y is treated as a variable in the domain of the natural numbers including 0.

As an optimisation, the places and transitions that are unconnected or only have self-loop connections can be removed
from the incidence matrix Cs. This is so because they have no effect on the P- and T-invariants. Such elements appear as
zero-rows (in case of transitions) or zero-columns (for places). Hence, given an incidence matrix C s, we write ?g(C A for
the simplified matrix of size |T \ To| x |P \ Pg| where zero-rows (as given by the transitions in Tg) and zero-columns (those
corresponding to the places in Py) have been deleted.

In addition to P- and T-invariants, other structural properties can be expressed as variations of the equations in Defini-
tions 4 and 5 [1]. These include:

o Structural boundedness. A PN is structurally bounded if the tokens in each place are bounded in each possible initial
marking.

e Conservativeness. A PN is (partially) conservative if it has a P-invariant y with all (some) component y(i) > 0.

e Consistency. A PN is (partially) consistent if it has a T-invariant x with all (some) component x(i) > 0.

e Repetitiveness. A PN is (partially) repetitive if there is a marking Mg and a firing sequence from My such that every
(some) transition occurs infinitely often in the sequence.

Table 1 summarises the necessary and sufficient conditions for each one of the previous properties.
4. Petri net product lines

This section extends PNs with variability. We start by defining the concept of feature model, which is a standard way to
represent the allowed variability within a system [30].

Definition 6 (Feature model [17]). A feature model FM = (F, V) consists of a set of propositional variables F = {f1, ..., fn}
called features, and a propositional formula W over the variables in F.

Example 7. Fig. 4(a) shows the feature model for the running example using the standard feature diagram notation [30],
while Fig. 4(b) uses Definition 6. The feature model requires selecting VendingMachine and Container mandatorily, as well as
choosing at least one Container item (Tea, Coffee Or Solid) and optionally one or more Supplements (Mik, Sugar). The cross-tree
constraints at the bottom of Fig. 4(a) specify that Sugar is only allowed if some Beverage is chosen; and wilk is only available
for Coffee.

Selecting one system variant is done by providing a configuration of selected and unselected features.
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[Solid] sel_solid solid_end

Fm——mmm—m————————
1

[Sugar] ]
i no_sugar
1

1
1 sel_coffee
\[Coffee] |+ || "TTTTTTmmmmomes

[Milk];

go_start

Fig. 5. 150% PN annotated with presence conditions (PCs) for the running example. (For interpretation of the colours in the figure(s), the reader is referred
to the web version of this article.)

Definition 7 (Feature configuration [17]). A valid feature configuration p C F of a feature model FM = (F, W) is a subset of
its features satisfying W, i.e., W[true/p, false/(F \ p)] evaluates to true when each f € p is substituted by true, and each
f € F\ p is substituted by false.

We write Conf(FM) = {p;} for the set of all valid feature configurations of FM.

Example 8. The feature model of the running example admits 21 configurations. These include {Solid}, {Tea, Coffee} and {Tea,
Coffee, Milk, Sugar} (where we only list the selected features that have no sub-features). Instead, configurations like {Tea, Milk}
and {Solid, Sugar} are invalid as they make the formula W false.

Next, we define product lines of PNs (PNPLs). These comprise a feature model and a PN - called 150% PN' - where all
variants of the family are superimposed [16]. In addition, each element of the 150% PN is annotated with a formula - called
its presence condition (PC) - specifying the variants the element belongs to. This notion of product line only considers the
structure of the PN but not the marking, since the variability only affects the PN structure.

Definition 8 (Petri net product line; adapted from [17]). A PNPL PNL = (FM, N, ®) is made of a feature model FM, a PN struc-
ture A/ (called the 150% PN), and a mapping ® consisting of pairs (x, ®,) that assign to each element x€e PUT UA a
propositional formula ®, (the presence condition of x) over the features in FM.

PNL is well-formed if:

e Vac Apr: (Pa= Psrepr@) AN (Pa = Prarpr@)
e VacArp: (Pg= Psicrp@) AN (Pa = Prarpp(a)

The previous definition has been adapted from [17] to consider our notion of PN, which is more expressive than in [17]
as it formalises arcs as objects instead of functions and permits parallel arcs. The well-formedness conditions demand that
the PC (®,) of each arc a be stronger (i.e., there is an implication) than the PC of the source and target nodes of a. This
ensures that in any configuration where the arc is present, so are its source and target place/transition, hence avoiding
dangling arcs.

Example 9. Fig. 5 shows the 150% PN annotated with PCs for the running example. The 150% PN superimposes the under-
lying structure of all PN variants in the PNPL. The PCs of elements are shown in red between square brackets and, in this
example, use features from the feature model in Fig. 4. For readability reasons, we hide the PCs when their expression is
true, meaning that the element affected by the PC is present in every possible variant (see, e.g., place start). Moreover, when
several elements have the same PC, they are shown in a dashed shaded region together with their PC. As an example, the
place solid, the transitions sel_solid and solid_end, and their incoming and outgoing arcs, have the PC solid. This entails that these
elements are present just in the configurations that select the feature Solid. Likewise, the other PCs in the 150% PN control
the variability in the choice of tea, coffee, sugar and milk.

1 The term 150% is standard in product line engineering to denote the superimposition of all variants of a given artefact: a software system [31,32], a
model [33], a meta-model [34], or a PN as in our case.
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Remark. Our formalisation could have considered setting PCs on the arcs only, and then assume that the PC of each place
and transition is the disjunction of the PC of all their adjacent arcs. This way, a configuration p making the PC of all
adjacent arcs to a transition t false, would make the PC of ¢ false, too. However, this approach would be unable to express
that transition t needs to be kept in such a configuration p. Alternatively, our formalisation could have set PCs on the
arcs only, and then assume the PC of transitions and places to be always true. While this would keep all isolated places
and transitions in all configurations, it would not enable distinguishing PN variants where those isolated elements are not
present.

Next, we describe how to obtain a concrete PN variant out of a PNPL and a configuration. This process is called derivation.
Intuitively, given a configuration, the derivation removes from the 150% PN the elements whose PC evaluates to false. This
approach is called negative variability in the literature [35]. Similar to Definition 8, the following Definition 9 adapts the one
in [17] to consider our particular notion of PN.

Definition 9 (Derivation; adapted from [17]). Given a PNPL PNL = (FM, N = (P, T, Apt, Arp, Srcpr, tarpr, srcrp, tarrp), ®) and
a configuration p € Conf (FM), we derive the PN structure N, = (P,, Ty, Ap1p. ATPp,STCPTp, tarpT)p, SICTP)p, tarrp,) by
building each set X, € X (for X € {P, T, Apr, Arp}) as {x € X | ®x[true/p, false/(F \ p)] = true}, and restricting the functions
STCxp = Srcxlay, and tarx, = tarxlay, (for X € {PT,TP}). We use Prod(PNL) = {N, | p € Conf(FM)} for the set of all
derivable nets from PNL.

Example 10. Given the PNPL made of the 150% PN in Fig. 5 and the feature model in Fig. 4, and given the configuration
{Tea, Coffee}, we derive the PN of Fig. 2(a). The derivation deletes from the 150% PN all the elements whose PC evaluates
to false after substituting the features Tea, Coffee and their parent features by true, and the remaining features by false. For
instance, the regions with PC Milk, Sugar, and Solid are deleted. Similarly, the PN in Fig. 2(b) is derived by configuration {Coffee,
Tea, Sugar}, and the net in Fig. 2(c) by configuration {Tea, Sugar}.

This notion of derivation assumes that a total configuration p is selected. Instead, a more flexible approach could con-
sider partial configurations, where some features may remain undefined (neither selected nor unselected) [34]. Hence, a
notion of derivation using partial configurations would produce a more concrete PNPL, where the PCs would become (par-
tially) evaluated using the features of the partial configuration that are not undefined. This concretisation process would be
equivalent to the derivation process in Definition 9 when none of the features in the partial configuration are undefined.
Partial configurations may be useful to analyse a subset of the products of the PNPL, instead of all of them. For simplicity,
we refrain from using partial configurations, and instead we can preset some of the features in the feature model to true or
false before constraint solving in the analysis process (as we will explain in Section 5).

To analyse the P- and T-invariants of a product line PNL, a naive approach would derive all possible nets in Prod(PNL) by
using all valid configurations, and then analyse individually each of them by using the incidence matrix of each derived net.
However, this may be time consuming as the number of nets may be exponential in the number of configurations. Instead,
our proposal lifts the analysis to the product line level - creating a single, generalised incidence matrix for the PNPL - to
avoid analysing each derived net in isolation, as the next section details.

5. Invariant analysis of Petri net product lines

In our previous works [16,17], we developed lifted analysis techniques for the structural properties marked graph, state
machine, free-choice, and extended free-choice. These techniques build a logical formula capturing the cases in which a
PNPL has one of the aforementioned properties, and use Boolean satisfiability (SAT) solving to check whether the formula is
(or is not) satisfiable.

In this paper, we propose a novel lifted technique for the analysis of the P- and T-invariants of a PNPL. Our goal is
reducing the time needed to analyse the invariants of all derivable nets of a PNPL. We do so by enabling the analysis of
all derivable nets in one go, instead of having to perform a net-by-net analysis. For this purpose, our technique lifts the
incidence matrix to the product line level, and applies constraint programming [21] to solve the resulting equations. This
way, instead of performing the invariant analysis once per derivable net, our lifted analysis only needs to solve a constraint
solving problem. In Section 7, we will show that this strategy generally speeds up the analysis. Next, we describe our
proposed technique in detail.

5.1. 150% incidence matrix

The main idea is to capture the net structure of the 150% PN as a matrix of algebraic expressions that use the features
fi € F as variables with domain {0, 1}. Such variables take the value 0 when they are false, and 1 when they are true.
To create the matrix, our technique transforms the PC of the arcs to algebraic expressions. For this purpose, it uses the
equivalences between boolean formulae and algebraic integer equations shown in Table 2, that is, it uses sum for disjunction,
product for conjunction, and 1— f’ for the negation of f. Moreover, we assume that in PCs, negation only occurs for features.

9
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Table 2

From propositional logic to integer programming.
Logic Algebraic expression (Exp)
\/ fi Z fi ,'/
N fi [1f
i 1—f
true 1
false 0

Fig. 6. (a) 150% PN of example PNPL. (b) N/coffee,milk}- (€) N{sotid)-

Remark. Conjunction could also be expressed as > i, f{ — (@ —1) to obtain a linear equation, but for simplicity, we use
the product form. In any case, in practice, one can resort to optimisations of the underlying solver to obtain linear systems
when possible [36].

Example 11. Given the boolean expression (Mik \V Sugar) A Coffee, its equivalent integer equation, written Exp((Milk \V Sugar) A
Coffee), iS (Milk'+Sugar)-Coffee’, Where the variables Milk, Sugar and Coffee’ are integers in the domain {0, 1}. The boolean expression
is true iff Coffee is true and either Mmilk or Sugar are true. The integer equation is satisfied (i.e., the equation is equal to 1) iff
Coffee’ is 1 and either milk’ or Sugar are 1.

Definition 10 (150% incidence matrix). Given a PNPL PNL = (FM, N, ®), its 150% incidence matrix Lpy; = [l;j] is a |T| x |P|
matrix of integer expressions, with each entry [;; given by:

i= Y Exp(®a)— Y.  Exp(®g;)

ajje(tio)N(opj) ajie(pjo)N(ot;)

Each entry l;; of the 150% incidence matrix sums the algebraic expressions built from the PC of each arc a;j € (tjo) N (opj)
going from transition t; to place p;, and subtracts the algebraic expressions built from the PC of each arc aj; € (pjo) N (ot;)
from place p; to transition t;. Recall that our notion of PN represents an arc with weight n as n parallel arcs, each having a
PC. Hence, if each parallel arc from t; to p; has a PC that evaluates to true, then Zajje(tio)ﬂ(opj) Exp(®q;) = wrp(ti, pj) (and
similar for incoming places to t;).

Example 12. Fig. 6(a) shows an example PNPL PNL based on the running example, where we assume the feature model of
Fig. 4. Note that there are two arcs from transition cf to place get, with different PC each. The 150% incidence matrix of this
PNPL is:

| start get
Lpne=| end | 1 — Sugar’ -1
cf | —Coffee’ Coffee’ + Coffee’ - Milk/
where leng ger = —1 since the PC of the arc from place get to transition end is true. For the sake of illustration, Figs. 6(b)

and 6(c) show two examples of nets derived from the PNPL using configurations p; = { Coffee, Milk} and p, = {Solid}, respec-
tively. The net in Fig. 6(b) keeps the two arcs from cf to get since the PC of both arcs evaluates to true in p;. The net in
Fig. 6(c) excludes transition cf and its arcs because their PCs become false when substituting all features but solid by false.

The following definition describes how to obtain a regular incidence matrix out of a 150% incidence matrix and a

configuration p. Then, Theorem 1 will prove that the obtained matrix C ~, — modulo simplification of zero rows and
columns - is the incidence matrix of N,.

2 More precisely, when Solid, VendingMachine and Container are substituted by true, and the other features are substituted by false.

10
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Definition 11 (Incidence matrix derivation). Given a PNPL PNL = (FM, N, ®) and a configuration p € Conf(FM), the evaluation
of Lpyny for p, written Lpn;[p], yields a |T| x |P| matrix of integers, where its elements l;j =1;;[1/p,0/ (F\ p)] are the
result of evaluating I;; upon the substitution of the variables in p by 1, and the variables in F \ p by 0.

Example 13. Given the 150% incidence matrix in Example 12, corresponding to a PNPL whose 150% PN shows Fig. 6(a), its
evaluation for configuration p; = { Coffee, Milk} yields:

start get

Lpnclo1]l=|end| 1 -1
o | -1 2

which actually is the incidence matrix of N, (cf. Fig. 6(b)). Each entry in the derived incidence matrix \,, is obtained by
replacing, in the 150% incidence matrix of Example 12, Coffee’ and Milk’ by 1 (since both features are selected by 1) and the

rest of variables by 0. For example, léf stare = — 1 since the algebraic expression -Coffee’ becomes —1 after the replacement.

If the PC &, of transition ¢; is false in a configuration p, then so is the PC of each arc in ot; and tjo by the well-
formedness condition of Definition 8. In such a case, the row i in the derived incidence matrix is a zero-row. Similarly,
a place p; whose PC is false yields a zero-column j in the derived incidence matrix. If we remove these zero-rows and
zero-columns from LLpy;[0], we obtain the incidence matrix of J\/'p.

Theorem 1 (Incidence matrix derivation yields incidence matrix). Given a PNPL PNL = (FM, N/, ®) and a configuration p € Conf (FM),
P\P
TQ;‘ﬁLPNL[p] = (C./\/p

Proof. Each element [;; of Lpy.[p] is defined by replacing in the equation of Definition 10 the variables in p by 1, and those
in F\ p by 0. Taking the first term of the equation and the equivalences in Table 2, we have Zaije([io)ﬁ(opj) Exp(®q;;)[p] =
[{aij € Arp | srerp(aij) = ti Atarrp(aij) = pj A g = true}]. But this is exactly wrp(tj, pj) for those arcs appearing in
configuration p. A similar reasoning holds for the second term of the equation and wpr(pj, t;). Therefore, elements I;;[0]
are defined as wrp(ti, pj) — wpr(pj, t;) using the weights of the net /\/p, just like in Definition 3.

However, a transition t; or a place p; of the 150% PN is absent from /\/'p if @, [p]= false or Oy lp]= false. In such a
case, row i or column j will only contain zeros. The set of places (resp. transitions) removed by configuration p is P\ P,
(resp. T\ T,). Using the matrix simplification operator to remove these zero-rows and zero-columns yields R?;’ILPNL[,O] =
Cy,. N

Remark. Theorem 1 states that, given a PNPL PNL, there are two ways to compute the incidence matrix for the net N,
corresponding to a configuration p:

1. Calculate the 150% incidence matrix ILpy; (cf. Definition 10), evaluate this matrix for configuration p (cf. Definition 11),
and remove from the resulting matrix the rows and columns corresponding to places and transitions not selected by p

. . P\P
to yield TET;’ILPNL[p].
2. Derive the net AV, from PNL (cf. Definition 9), and calculate the incidence matrix (cf. Definition 3) to yield C N,-

The theorem shows that both ways of calculation yield the same result, as the commutative diagram of Fig. 1 depicts
graphically.

Example 14. The evaluation of the 150% incidence matrix of the net of Fig. 6(a) for p; = { solid} (cf. Fig. 6(c)) yields:

start get
Lpne[p2l=|end| 1 -1
cf 0 0

The row corresponding to transition cf is zero because the transition is not present in Ay, so it can be removed to obtain:
@ _ start get |
cplipnLlp2] = |:encl T o1 |=N

5.2. Petri net product line invariants

Next, we lift the definition of P- and T-invariants to the PNPL level. The invariants of a PNPL are those in any net of the
family.

11
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Definition 12 (Petri net product line invariant). Given a PNPL PNL = (FM, N/, ®), a vector y is a P-invariant of PNL if:

3N, € Prod(PNL). y € invp(Ny)

(and similarly for T-invariants).

The following definition uses the 150% incidence matrix to establish a set of equations whose solutions (of the form
(y, p)) represent an invariant y and a configuration p which yields a PN where the invariant holds. More precisely, p is
a binary vector of size |F| (with F the feature set of the feature model) where p(i) = 1 iff the configuration o contains
feature f; (f; € p) and O otherwise. To restrict to valid configurations, the set of equations include Exp(¥) > 0 (i.e., the
algebraic equation equivalent to the formula W of the feature model FM).

Definition 13 (150% incidence matrix equation). Given a PNPL PNL = ((F, V), N/, ®), the 150% incidence matrix equation is
defined by:

Lpny -y=0,withy(i) € {0, 1} (for 1 <i < |P])

1
Exp(W) > 0, with p(j) € {0, 1} (for 1 < j < |F|) M

The next lemma states that the solutions (y, p) of the equations of Definition 13 are sound: y is an invariant for N,.

Lemma 1 (Soundness of PNPL invariants). Given a PNPL PNL = ((F, ), N, ®), if {y, p) is a solution of Equation (1), then P\P,Y €
invp(N,), where p\p,Y is the vector y after removing the elements corresponding to places deleted from N by p (and similarly for
T-invariants).

Proof. Assume that (y, p) is a solution of Equation (1). Then, p is a valid configuration, and p is a solution of Exp(¥) > 0.
Hence, we have Lpy;[p]-y=0. By Theorem 1, RIT)ZLPNL[,O] = (CN/,, and so, (CN,, -p\p,y =0 as required. W

Example 15. ([1 11T, p» = {solid}) is a solution of Equation (1) for the PNPL in Fig. 6(a), and [1 1] is a P-invariant for
Nisotiay since Cy;, -[1 1]7 =[0].

The next lemma states that the equations in Definition 13 permit obtaining the complete set of invariants for any net
N, that can be derived under any valid configuration p.

Lemma 2 (Completeness of PNPL invariants). Let PNL = ((F, W), N, ®) be a PNPL. Then, VN, € Prod(PNL). y € invp(N,) implies
that (yp\p,, P) is a solution of Equation (1), where yp\p,, is the vectory after adding 0 in the positions corresponding to the places of
N not present in N, (and similarly for T-invariants).

Proof. Assume that y is a solution of C, -y = 0. Since RIT)/’)’LPNL[/)] =Cy;,, then y is a solution of RIT]ZILPNL[p] .y=0,
and so, Lpni[p] -yp\p, =0. Thus, (Vp\p,, P) is a solution for Equation (1) as required. W

Finally, Theorem 2 states that using the 150% incidence matrix is a sound and complete method for obtaining the
invariants of any derivable net from a PNPL. It is a direct consequence of Lemmas 1 and 2.

Theorem 2 (Soundness and completeness of PNPL invariants). Given a PNPL PNL = ((F, ), N/, ®), then:

e Soundness: if (y, p) is a solution of Equation (1), then p\p,y € invp (W) (and similarly for T-invariants).
o Completeness: VA, € Prod(PNL). y € invp(N,) implies that (Vp\p,, P) is a solution of Equation (1) (and similarly for T-
invariants).

Proof. Direct consequence of Lemmas 1 and 2. W

Lifting the analysis of the structural properties in Table 1 (boundedness, conservativeness, consistency, repetitiveness) can
be done similarly as in Definition 13, by considering Lpy; -y <0 or ]L,T,NL -X > 0 (instead of Lpy; -y = 0) and restricting
the components of y or x to be strictly positive, as required by each property.

In order to analyse a subset of PNs of the PNPL instead of all of them, it is enough to preset the value of some of the
features in the feature model to true or false (i.e., preset the values of some p(i) to 1 or 0) in Equation (1) before solving.

Given that Equation (1) provides a sound and complete method to obtain the P- and T- invariants of a PNPL, the following
section describes a tool that uses constraint solving to obtain such solutions, and offers a graphical editor to create PNPLs.
Then, Section 7 will show that using constraint solving on Equation (1) is more efficient than a case-by-case analysis.

12
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Fig. 7. Architecture of TITAN.

6. Tool support

We have developed a tool called TitaN (Tool for Petri net product line analysis) supporting our approach. TITAN is an
Eclipse plug-in, freely available at https://github.com/antoniogarmendia/titan (but not open-source for the moment). Next,
we explain its architecture (Section 6.1) and the front-end (Section 6.2).

6.1. Architecture

Fig. 7 shows the architecture of TITAN. Its core component is the Petri nets Sirius Editor, which allows the graphical defini-
tion of PNPLs, annotating their element with PCs. This editor relies on Sirius [37], a modern framework for the construction
of graphical modelling environments. The editor is integrated with FeatureIDE [38], a popular plug-in for product line engi-
neering with support for the creation and analysis of feature diagrams, and the derivation of products out of configurations.
The latter requires implementing the Composer interface provided by FeatureIDE to specify how to derive a PN product out
of a feature configuration and a 150% PN.

FeaturelDE uses the feature diagram notation. Hence, to calculate the PNPL invariants, first, TITAN translates the feature
diagram into a boolean formula (as required by Definition 6) following the rules described in [39]. Then, TiTAN transforms
the PNPL into Equation (1), expressing it as a constraint satisfaction problem (CSP). Formally, a CSP consists of a set of
variables, a set of finite domains, and a set of constraints restricting the values of the variables [40]. CSPs are solved by
means of constraint programming (CP) techniques. Specifically, TITAN relies on the JaCoP Java library as CP solver [41].

TITAN’s analysis architecture is extensible via an Eclipse extension point (called Property Analysis) which allows contributing
analysis techniques in an external way (i.e., without requiring TITAN’s source code). The lifted P- and T-invariant analyses
presented in this paper have been implemented by profiting from the extension point. TITAN also supports analysing struc-
tural properties of the PNPL (state machine, marked graph and (extended) free-choice), as described in [17], for which the
Sat4] SAT solver [42] is used.

6.2. The TiTAN tool

Fig. 8 shows TiTAN being used with the running example. This environment comprises a graphical editor (label 1 in
the figure) and two views: the Invariant View (label 2) and the Filter View (labels 3 and 4). The Invariant View displays all
the minimal P- and T-invariants of the PNPL identified by the constraint solver. In the figure, it shows the P-invariants for
the running example. When selecting an invariant on this view, the corresponding connected subnet is highlighted on the
canvas.

The Filter View (label 3) helps in the modelling phase of the PNPL and eases its comprehension. Upon selecting a (partial)
configuration in the view, only the elements with non-false PC under the configuration are displayed. Another filter in this
view (label 4) permits hiding the elements with attached PCs, so that only the common parts to all net variants remain
visible. These filters help the designer of the PNPL to understand the effects of different feature selections on the resulting
nets.

7. Evaluation
In this section, we evaluate TiTAN with regards to the following research questions (RQs):

e RQ1: Does the lifted invariant analysis perform better than a case-by-case analysis?
e RQ2: What factors influence the most in the efficiency of the lifted invariant analysis?
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Fig. 8. Screenshot of the TITAN environment.

To answer these RQs, we conducted two experiments. The first one considers variants of synthetic PNPLs, and the second
one uses examples from the literature. In both experiments, the goal was to compare the time required to generate the P-
and T- minimal invariants of all nets in the PNPL, on the one hand using standard invariant analysis algorithms on each net
derived from the PNPL, and on the other hand applying our proposed lifted algorithm (i.e., considering all derivable nets at
a time) which is based on Equation (1) and CSP. We call the first approach case-by-case, and the second one lifted.

More in detail, in the case-by-case approach, we measured the time required to generate and then analyse every derivable
net of a PNPL one by one. For the analysis, we used two different algorithms for a better confidence on the comparison with
our approach. As representative algorithms from Petri net tools, we adapted the APT library [43] - an open-source analysis
tool for PNs and transition systems - to analyse the invariants of each net by means of the Farkas algorithm based on the
incidence matrix [28,29], and also used a method proposed in the PIPE tool [44].

In the lifted approach, we measured the time of applying our lifted invariant analysis to the PNPL. In this case, we dis-
tinguished the time of the first execution of the analysis which discards cache effects (cold start) and subsequent executions
of the same analysis (warm cache). For comparison, we took the worst time of our approach (which was always the cold
start) against the best time of any of the two case-by-case analysis algorithms.

We performed the experiments on a Windows 10 machine with an Intel Core i7-9700 processor and 16 Gb of RAM
memory. The data of the experiments, including the used models, are available at https://github.com/antoniogarmendia/titan.

7.1. Synthetic PNPLs

We have prepared two sets of experiments. The first set is directed to understand the benefits of our method when the
size of the net or the number of configurations grow. The second set of experiments targets the exploration of corner cases,
when the nets have many transitions and few places, many places and few transitions, or the products of the PNPL do not
share elements.

7.1.1. Increasing 150% net size and number of configurations

The first experiment considers variants of a synthetic PNPL, which is inspired in a flexible manufacturing system de-
scribed in [45,46]. This consists of three workstations, two part-receiving stations, one completed-parts station, and five
automated guided vehicles. From the PN point of view, it is composed of 64 places, 53 transitions, and 255 arcs. The FM
has 5 features which generates 36 valid configurations. From the base system description, we built several PNPLs consider-
ing two scenarios: (i) varying the number of parallel cells by replicating subnets of the PN model, while maintaining the
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Fig. 9. Analysis time in ms: (a) Replicating the manufacturing cells; (b) Increasing the number of features (workstations).

number of features; and (ii) varying the number of workstations by adding them as new features and therefore increasing
the number of feature configurations. That is, the first scenario considers PNPLs with 150% nets of increasing size but the
same number of derivable PNs, while the second scenario considers PNPLs with increasing number of derivable nets.

Fig. 9(a) shows the analysis time in milliseconds (ms) for the first scenario. In all cases, the PNPLs have 36 configurations,
and the lifted analysis (for both P- and T-invariants) is faster than analysing each derivable net case-by-case. Actually, the
time improvement increases as the nets get bigger. Among the case-by-case analyses, Farkas exhibits the worst scalability
for the case of P-invariants, while for T-invariants, both Farkas and PIPE require similar times.

Fig. 9(b) shows the analysis times for the second scenario, which considers PNPLs ranging from 12 to 4100 configurations.
In all cases, the lifted invariant analysis was faster than analysing each net in isolation. All algorithms used in a case-by-
case analysis suffer an exponential time increase, proportional to the number of derivable PNs (shown as blue bars in the
graphics).

7.1.2. Experimenting with corner cases

To better understand the limits of our approach, we have created synthetic PNPLs with corner cases (many transitions
and few places, many places and few transitions, and PNPLs with unrelated products and disjoint nets). Fig. 10 shows a
scheme of the 150% PN of the prepared PNPLs. The net in Fig. 10(a) is composed of only three places but 240 transitions,
to achieve a high transition to place ratio. Conversely, the net in Fig. 10(b) has 3 transitions and 240 places. Finally, the net
in Fig. 10(c) comprises 80 disjoint subnets with 3 places and 3 transitions each.

Tables 3 and 4 summarise their analysis times for P- and T-invariants, respectively. For each corner case, the tables show
the time of the first execution of the lifted analysis (Lifted cold-start), the time of a subsequent execution (Lifted warm-cache),
the time for the case-by-case analysis using the two considered algorithms, and the speed-up of the cold-start lifted analysis
with respect to the best time of the two case-by-case analyses. In the tables, we have highlighted in bold the worse time
of the lifted analysis (always the cold start) and the best time of the case-by-case analyses.

The P-invariant analysis time is higher in nets with many places and few transitions, and conversely, the time to analyse
T-invariants is higher when there are many transitions and few places. The case-by-case approach with Farkas is the one
with the worst performance in all cases but in the analysis of T-invariants for nets with many places. Our lifted approach is
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Fig. 10. Synthetic PNPLs modelling corner cases: (a) Net with high transition/place ratio; (b) Net with high place/transition ratio; (c) Disjoint nets.

Table 3
Execution time (in ms) for the P-invariant analysis of corner cases.
Lifted Lifted Case- Case-
Size Number Number cold- warm- by-case by-case Speed-
Model |P| x |T| of features of config. start cache (Farkas) (PIPE) up
Many transitions 3 x 240 2 4 182 25 994 887 44
Many places 240 x 3 2 4 576 64 43310190 607643 1054.9
Disjoint 240 x 240 2 4 439 104 1511 798 1.8
Disjoint 240 x 240 5 31 2105 1632 110543 109305 519
Table 4
Execution time (in ms) for the T-invariant analysis of corner cases.
Lifted Lifted Case- Case-
Size Number Number cold- warm- by-case by-case Speed-
Model |P| x |T| of features of config. start cache (Farkas) (PIPE) up
Many transitions 3 x 240 2 4 3413 3172 40968262 182196 534
Many places 240 x 3 2 4 337 12 320 371 0.9
Disjoint 240 x 240 2 4 591 104 715 588 1.0
Disjoint 240 x 240 5 31 2166 1624 109359 109342 50.5

the most efficient in the analysis of P-invariants, with speed-ups ranging from 1.8x (disjoint nets and few configurations) to
1054.9x (few transitions and many places).

Regarding T-invariant analysis, the lifted approach is the best performant in two of the cases, while in two others a
case-by-case analysis is slightly better. In particular, in the net with many places and few transitions, Farkas is faster by
17 milliseconds (320 ms Farkas, 337 ms lifted cold-start), and in the case of disjoint nets, PIPE is faster by 3 milliseconds.
However, we also observe that, when the PNPL grows in configurations (disjoint net with 31 configurations), our lifted
approach becomes better again, with a speedup of 50.5x. For P-invariants, we also observe this efficiency gain as the
number of configurations grows (from 1.8x to 51.9x).

7.2. PN models from the literature

The second set of experiments uses PN models with variability taken from the literature. We specified each of them as
a 150% PN and a feature model using TiITAN. Thus, we can characterise the complexity of the PNPLs by two independent
variables: the size of the 150% PN, and the number of feature configurations (i.e., the number of derivable nets). In our
experiment, the size of the PNPLs ranges from 9 to 64 places and from 8 to 53 transitions, and their variability ranges from
3 to 324 configurations. To calculate the speed-up, we have used the minimum time of the case-by-case analyses.

As in the previous experiment, we analysed the invariants of the PNPLs using our lifted analysis, and also generating
and analysing every derivable net using Farkas and PIPE. Tables 5 and 6 summarise the results for P- and T- invariant
analysis, respectively. The lifted invariant analysis was faster than generating and analysing each net individually, by at least
one order of magnitude. Speed-ups range from 1.5x to 266.6x, tending to increase as the number of configurations grows.
There are some exceptions, though, most notably the P- and T-invariant analysis of the flexible manufacturing cell [45] which
achieves a high speed-up (> 55) while having a medium number of configurations. We argue that this may be due to the
large size of its 150% net. Finally, the speed-up value is more dependent on the number of configurations that on the 150%
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Table 5
Execution time (in ms) for the P-invariant analysis of PN models from the literature.
Lifted  Lifted  Case- Case-
Size Number cold warm  by-case by-case  Speed-

Model |P| x |T|  of config.  start cache  (Farkas)  (PIPE) up
Phone system [47] 14 x 18 3 92 18 412 335 3.6
Philosophers’ dinner [12] 12 x 8 4 172 11 581 700 34
Washing machine [48] 13 x 8 6 76 11 582 818 7.7
Vending machine [22] 11 x 15 21 427 33 1882 2287 4.4
Flexible manufacturing cell [45] 64 x 53 36 197 71 10956 13296 55.6
Film production [49] 15 x 17 48 163 37 4238 4609 26.0
Assembly line [17] 9 x 10 196 115 17 1683 2888 14.6
Extended vending machine [50] 18 x 26 324 219 69 58731 58392 266.6

Table 6
Execution time (in ms) for the T-invariant analysis of PN models from the literature.
Lifted Lifted Case- Case-
Size Number cold warm  by-case by-case  Speed-

Model |P| x |T| of config. start cache (Farkas)  (PIPE) up
Phone system [47] 14 x18 3 107 19 158 215 1.5
Philosophers’ dinner [12] 12 x 8 4 106 15 453 502 43
Washing machine [48] 13 x 8 6 83 12 500 586 6.0
Vending machine [22] 11 x 15 21 347 38 1665 1559 45
Flexible manufacturing cell [45] 64 x 53 36 204 79 12079 12254 58.9
Film production [49] 15 x 17 48 159 36 3944 4061 24.8
Assembly line [17] 9 x 10 196 114 14 1489 1951 131
Extended vending machine [50] 18 x 26 324 250 88 146473 56656 226.6

net size. This is so as, for example, the two PNPLs with the smallest 150% nets have 96 (philosophers’ dinner [12]) and 90
(assembly line [17]) elements in their incidence matrices, but the lifted analysis achieves very different speed-ups in each
case (around 3.4 and 14.6 respectively), due to the different number of configurations (4 and 196). Interestingly, while in
our previous experiment with synthetic corner cases (cf. Section 7.1.2), Farkas generally performed worse than PIPE, in this
experiment using realistic nets, Farkas was faster than PIPE in more cases.

7.3. Discussion of results

Altogether, we conclude that the lifted invariant analysis is faster than a case-by-case one (RQ1). In the experiments, we
observed speed-ups of at least one order of magnitude, and up to three orders in one corner case. The lifted analysis is
especially suited for systems with large variability, that is, with a high amount of variants (RQ2). As Fig. 9(b) and Tables 5
and 6 show, speed-ups tend to increase with the number of configurations, while there is no correlation between the
achieved speed-up and the number of places and transitions in the PNPL. For some corner cases (Tables 3 and 4) a case-
by-case analysis yields slightly better results when there are few configurations, but the lifted analysis yields better results
when the number of configurations grow. These results confirm those obtained in previous works for the lifted analysis of
other structural properties [17].

7.4. Threats to validity

Regarding internal validity, we considered the time of the first lifted analysis execution to discard cache effects. For the
case-by-case analysis, we used two algorithms (from the APT library) developed by a third party, to avoid any bias due to
using our own implementation of the analysis.

Regarding external validity, we aimed to validate the results obtained with synthetic models by using models created
by third parties. For this, we investigated existing literature. While we used examples of PNs with variability [17,45,47],
others were adapted from related formalisms, like state machines [12,48] or process models [22,49]. We did our best in
such translations, but we may have committed omissions. In any case, such a variety of systems’ formalisms shows that the
technique is also valid when PNs are used as a semantic domain for analysing other higher-level languages.

8. Related work

Next, we analyse related approaches in the area of Petri nets (Section 8.1), formal notations with variability (Section 8.2),
and analysis of systems with variability (Section 8.3).
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8.1. Petri nets

Some researchers have added static variability to PNs. Muschevici et al. [18,51] propose Feature nets, which are PNs (with
no weighted arcs) where either arcs or transitions (but not both at the same time) have PCs. The authors propose differ-
ent alternatives for their analysis, including their mapping into standard Petri nets, and into Featured Transition Systems
(FTSs) [52]. In practice, they show how to use the mCRL2 tool set [53] to model check properties of feature nets. Heuer et
al. [47] extend PNs (with no weighted arcs) with variability on arcs, and show how to map variable activity diagrams to
them. For analysis, they use techniques based on the variable reachability graph. Compared to these, our variability notion
is richer: we use feature models to express the configurations, every element of a PN can have variability (places, transitions
and arcs), and our PN model is richer as well since it supports weighted arcs. Moreover, we focus on structural properties,
avoiding the state explosion that behavioural properties may produce. As a trade-off, approaches based on model checking
enable the analysis of a richer class of properties than the ones we support.

PNs have also been used to represent and analyse feature models [54]. Instead, we represent feature models as logic
formulae, and use PNs as the notation over which variability is added.

PNPLs enable the static reconfiguration of nets. Other works also propose mechanisms for changing the structure of PNs.
For example, Muschevici et al. [18] extend feature nets with dynamicity, so that transition firings can trigger the assignment
of features, leading to a net reconfiguration. The analysis of dynamic feature nets is based on the variable reachability graph.
Mobile PNs [55] were proposed to express distributed processes with changing structure at runtime. Places in mobile PNs
represent channels, tokens are names for places, and the firing of transitions can add new transitions to the net, resulting
in dynamic nets. Adaptive PNs [56] can enable or disable a subnet based on the amount of tokens in a set of places. This
kind of PNs can then be flattened to regular PNs with inhibitor arcs. Reconfigurable PNs [57] combine PNs with rewriting
systems to change the net structure at runtime. Our PNPLs enable the derivation of one net in the family via a configuration,
but contrary to the previous approaches, configurations are static and cannot change at runtime.

Many Petri net tools exist nowadays (cf. [58] for a survey and [59] for a database of tools), and structural analysis is a
popular analysis technique among them. According to the database [59] 23 out of 96 tools can calculate P- and T-invariants.
The technique used for their calculation is typically based on the incidence matrix [44,43]. In our case, we lift this analysis
to the product line level, and use constraint solving for finding the invariants.

8.2. Formal notations with variability

Several works have added variability to formal notations beyond Petri nets. For example FLAN is a family of languages
based on process algebra, which are enriched with variability [60]. The family includes probabilistic extensions (PFLAN),
and quantitative constraint modelling options (QFLAN) [61]. This family of languages offers analysis tools for the product
lines, including statistical model checkers, and Satisfiability Modulo Theory (SMT) solvers. Transition Systems have also
been extended with variability, to yield Featured Transition Systems (FTSs) [52]. These propose analysis algorithms based
one model checking, for which they introduce the featured linear temporal logic. Hence, these approaches allow a compact
modelling of a large set of system variants, and lift analysis methods to the product line level for their analysis. Our approach
follows the same philosophy, but we do not rely on model checking — which, even if supporting a richer class of analysis
properties, they may suffer from the state-space explosion - but on structural techniques based on the incidence matrix.

We use annotations (PCs) over the net elements to represent points of variation. This approach, called negative vari-
ability [35], is a common technique used over other notations. Alternatively, we could have relied on composition-based
mechanisms, combining parts of the net on-demand depending on the chosen configuration [62]. For this purpose, we
could have used different notions of PN modules [63,64]. However, our lifted invariant analysis benefits from having an
explicit representation of the overlay of all possible net variants in the 150% net.

8.3. Analysis mechanisms for systems with variability

Generally, several methods to analyse variable systems have been proposed [65]. A lifted approach (also called family-
based, or variability-aware) like the one we propose modifies an existing analysis (e.g., based on the incidence matrix) to
make it aware of the product line variability. We can find many lifted approaches for different notations, like automata [12,
66], UML/OCL models [67] or meta-models [34]. These works lift techniques like model checking [66], model finding [67,34],
or invariant synthesis [12]. In the latter case, the authors derive invariants for parameterised architectures (finite automata
enabling replication of components) by an embedding into monadic second order logic. Our contribution to this type of
analyses consists in lifting invariant analyses for PNs based on the incidence matrix. To our knowledge, this is a novel
technique.

Other methods to analyse variable systems [65] include using sampling (analysing samples of the set of products) [68],
or generating and analysing all products. In our case, the latter approach leads to worse times that greatly increase with the
number of variants, as we have seen in Section 7. A sample-based approach would not be adequate either, since we could
miss invariants for nets not belonging to the analysed sample.
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9. Conclusions and future work

In this paper, we have presented a product line-based approach for the compact definition of variants of a given Petri
net. In our previous works [16,17], we introduced the concept of PNPL and carried out analysis using SAT solving. In
this paper, we have lifted analysis techniques based on the incidence matrix to the product line level, and realised them
using constraint programming. Our experiments show the efficiency of our lifted analysis, with experiments using synthetic
examples and examples developed by third parties, which may achieve speed-ups of two orders of magnitude with respect
to analysing each net variant separately.

As future work, we would like to exploit the system of equations as a basis for other analysis, like finding the best
invariant (for some notion of best using some goal function that can be used within the constraint solver); products with
(without) P/T-invariants; invariants belonging to all products; the smallest set of features that can produce an invariant; or
the best set of features with (or without) P/T-invariants. For some of these analyses we may resort to partial configurations
(e.g., in the style of [34]). In addition, we would like to lift other types of analyses, for example based on reduction tech-
niques [1]. Moreover, we plan to support other Petri net extensions in product lines, like time, and lift the corresponding
analysis techniques accordingly. We are currently working on dynamic reconfiguration of the Petri net [18], for which we
have developed an initial mapping of the feature model and the 150% net into coloured Petri nets [69]. Finally, the availabil-
ity of common benchmarks for variability-enhanced formalisms is important to enable fair comparison and experimentation
of different approaches and tools. Hence, we plan to build a repository of cases of systems with variability, but this is
certainly a challenge to be tackled by the community as a whole.
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