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Abstract. Inheritanceis one of the key issuesof object-orientation. Theinheritance mech-
anism allows for the definition of a subclasswhich inherits the features of a specific super-
class. Thismeansthat methods and attributes defined for the superclassare also availablefor
objects of the subclass. Existing methods for object-oriented modeling and design abstract
from the dynamic behavior of objects when defining inheritance. Nevertheless, it would be
useful to have a mechanismwhich alows for the inheritance of dynamic behavior. This pa-
per describes a Petri-net-based approach to the formal specification and verification of this
type of inheritance. We use Petri netsto specify the dynamics of an object class. The Petri-
net formalism allows for agraphical representation of the life cycle of objectswhich belong
to a specific object class. Four possible inheritance relations are defined. These inheritance
relations can be verified automatically. Moreover, four powerful transformation rules which
preserve specific inheritance relations are given. To illustrate the relevance of these resullts,
the application to workflow management is demonstrated.
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1 Introduction

Although object-oriented design isarelatively young practice, it is considered to be the
most promising approach to software devel opment. Within afew years the two leading
object-oriented methodol ogies, OMT [16] and OOD [6], have conquered the world of
software engineering. Both methodol ogies use state-transition diagrams for specifying
the dynamic behavior of objects. Typically, for each object class, one state-transition di-
agram is specified. Such a state-transition diagram shows the state space of a class and
the methods that cause atransition from one state to another. In this paper, we use Petri
nets (Seefor example[15]) for specifying thedynamics of an object class. There are sev-
eral reasons for using Petri nets. First of all, Petri nets provide a graphical description
technique which is easy to understand and close to state-transition diagrams. Second,
paralelism, concurrency and synchronization are easy to model in terms of a Petri net.
Third, many techniques and software tools are available for the analysis of Petri nets.
Finally, Petri nets have been extended with color, time and hierarchy [11,12]. The ex-
tension with color alowsfor the modeling of object attributes and methods. The exten-
sion with time allows for the quantification of the dynamic behavior of an object. The
hierarchy concept can be used to structure the dynamics of an object class.

In this paper, we use the term object life cycle to refer to a Petri net specifying the
dynamics of an object class. Figure 1 shows two object life cycles. Object life cycle Ng
specifies the dynamics of an object of the class person. The creation of an object ismod-
eled by atransition with a v label. Firing this transition corresponds to the birth of a
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Fig. 1. Two object life cycles.

person. Firing one of the two transitionswith a A label resultsin the termination of the
object, i.e., the death of a person. An object of the class person is either in state single
or in state married. Each of these states corresponds to a place in the object life cycle
No. Firing the transition with label m corresponds to the marriage of a person and re-
sultsin the transfer of a token from single to married. Firing the transition with label
d corresponds to the divorce of a person. As a result, a token istransferred from mar-
ried to single. Object life cycle N; specifies the dynamics of the class another_person.
Compared to the origina object life cycle, the transition labeled b and the place alive
have been added. Firing this additional transition corresponds to the birthday of a per-
son. Notethat in thisobject life cycle the state of a person is represented by two tokens.
Asaresult, itis possible to have concurrency within the same object.

Ingenera, thestate of an object isrepresented by adistributionof tokensover places.
Transitionsrepresent state changes. The label of atransition refers to the method being
executed when thetransition fires. Notethat a method isthe implementation of an oper-
ation that can be executed for specific objects. There arethree reserved method labels, v
(object creation), A (object termination) and © (internal method). In Figure 1 there are
no t-labeled transitions. However, it turns out to be useful to distinguishinternal meth-
ods from external methods. Internal methods can only be activated by the object itself.
External methods can a so be activated by other objects.

Thetwo object life cycles shown in Figure 1 have alot in common. In fact, N; com-
prises No. Moreover, it appears that life cycle N; incorporates, or inherits, al properties
of lifecycle Ny and adds its own unique properties. Inheritance is one of the key issues
in object-orientation. Unfortunately, inheritanceis often limited to sharing attributesand
methods among object classes. Until now, agood concept for life-cycleinheritance was
lacking. Existing object-oriented methodol ogies such as OMT [16] and OOD [6] do not
give aclear definition of inheritance with respect to the dynamics of an object class. In
this paper, we tackle the problem of deciding whether the object life cycle of one class
inheritsthe life cycle of another class.

In [5], we investigate this problem using a simple ACP-like process algebra (Alge-
braof Communicating Processes, [3]). In that paper, encapsulation and abstraction turn
out to be important concepts for the characterization of life-cycleinheritance. Based on



these concepts, four inheritance relations are defined. The process-algebrai ¢ character-
ization of life-cycle inheritance in [5] is rather straightforward because encapsulation
and abstraction arewell investigated in process algebraand because, in contrast to state-
transition diagrams and Petri nets, states are not represented explicitly. It is quite easy
to show that the inheritance relations have anumber of desirable properties. In practice,
however, state-transition diagrams are often used because of their graphical nature, sm-
plicity, and the fact that states are represented explicitly. These features do not apply to
process algebra, but are essential to the success of existing object-oriented methodol o-
gies. Therefore, weresort to Petri netsfor the specification of object lifecycles. Petri nets
provide a graphical formalism which is much closer to existing methodol ogies such as
OMT and OOD.

In thispaper, we show that it is possibleto formalize thefour inheritancereationsin
aPetri-net context. One basic form of inheritance, called protocol inheritance, is based
on blocking or encapsul ating methods. The second form, called projection inheritance,
isbased on hiding methods by means of abstraction. The other two inheritance rel ations
are combinations of the two basic ones. The intuition behind all four inheritance rela
tionsis that the behavior of a subclass must, in some sense, extend the behavior of its
superclass, while preserving the important properties of the superclass. Depending on
how strict we interpret this requirement, we get different inheritance relations. A very
strict interpretation is the substitutability principle of Wegner and Zdonik [17] which
says that an object of some subclass can always be used in a context where an object of
itssuperclass is expected. Aswe will see, protocol inheritance adheresto this principle.
However, in[14], Lakosinformally discussesinheritance of dynamic behavior in aprac-
tical context. He investigates four case studies and concludes that substitutability isin
practice often too strong a requirement. In his opinion, alowing to create a subclass by
extending the life cycle of an object by inserting behavior in between two parts of the
life cycle seems necessary. Our notion of projection inheritance allows such extensions.
I dentifyingforms of inheritancewith different characteristics, allowsusersto choosethe
appropriateform of inheritance, depending on the requirements of adesign problem. To
assist system designers, anumber of transformation rules which preserve specific forms
of inheritance are presented. These transformation rules show how the object lifecycle
of a superclass may be extended for a subclass while preserving life-cycle inheritance.
To demonstrate the useful ness of the results presented in this paper, we focus on the ap-
plication of our inheritance concepts in a workflow management setting.

2 Labeded Petri Nets

Inthispaper, we use standard Petri netsextended with alabeling function. Let A besome
universeof action |abels. Action labelscan bethought of as method identifiers, i.e., firing
atransition with label a € A corresponds to the execution of method a.

Definition 2.1. (Labeled Petri net) An A-labeled Petri net isatupleN = (P, T, F, ¢)
where
i) Pisafiniteset of places;
ii) T isafiniteset of transitionssuchthat PN T = g;
iii) F C (P xT)U(T x P)isaset of directed arcs, called the flow relation;
iv) £: T — Aisalabeling function.



A place p iscalled an input place of atransitiont if and only if there exists a directed
arcfrom ptot. Place p iscaled an output place of transitiont if and only if there exists
adirected arc fromt to p. We use °t to denote the set of input places for atransitiont.
The notationst®, *p, and p* have similar meanings.

Places of a Petri net may contain zero or more tokens. The state of a Petri net, often
referred to as marking, isthe distribution of tokens over the places. Hence, the state of a
net can be represented by afinite multi-set, or bag, of places. The following definitions
and notationsfor bags are used.

A bag of elements from some aphabet A can be considered as afunctionfrom A to
the natural numbers IN. That is, for some bag X over dphabet Aand a € A, X(a) de
notesthe number of occurrences of a. Note that any set of elementsfrom A a so denotes
auniquebag over A. The empty bag isdenoted 0. For the explicit enumeration of abag,
a notation similar to the notation for sets is used, but using square brackets instead of
curly brackets and using superscripts to denote the cardinaity of the elements. For ex-
ample, [a2, b, c®] denotes the bag with two elements a, one b, and three elements c; the
bag[a® | a € AA P(a)] containstwo elementsa for every a € A suchthat P(a) holds,
where P issome predicate on symbolsof the alphabet. To denote individual € ements of
abag, the same symbol “<” isused asfor sets. The union of two bags X and Y, denoted
XwY,isdefinedas[a" | a € AAn = X(@) + Y(a)]. Thedifferenceof X and Y,
denoted X — Y, isdefinedas[a" | a € AA N = (X(a) — Y(a)) max Q]. Therestriction
of X to somedomain D € A, denoted X | D, isdefined as[aX® | a € D]. Bag X isa
subbag of Y, denoted X < Y, if andonly if foradla € A, X(a) < Y(a).

Definition 2.2. (Marked Petri net) A marked Petri net is a pair (N, s) where N =
(P, T, F, ¢)isalabeled Petri net and wheresisabag over P denoting the state or mark-
ing of the net.

Marked Petri nets have adynamic behavior which isdefined by thefollowingfiringrule.

Definition 2.3. (Firingrule) Let (N, s) beamarked Petri netwithN = (P, T, F, £). A
transitiont € T isenabled, denoted (N, s)[t), if and only if each input place contains at
least onetoken. That is, (N, s)[t) < °t < s. Anenabled transitioncan fire. If atransition
t fires, then it consumes one token from each of itsinput places; it produces one token
for each of its output places. The visible effect of afiring isthe label of the transition.
Formally, (N, s) [£(t)) (N, s —°tWt®).

Based on the firing rule, the notion of reachability can be formalized.

Definition 2.4. (Reachability) Let (N, s) be amarked A-labeled Petri net. State s’ is
reachablefroms, denoted (N, s)[*) (N, §), ifandonlyif ' equalssorif forsomen € IN
thereexist ap, a;, ... ap € Aand markingss,, ..., S such that (N, s) [ag) (N, 1) [a1)
...[an) (N, S).

In this paper, we want to be able to compare the behavior of objects which are speci-
fied by marked Petri nets. Therefore, an equivalence on Petri netsis needed. The equiv-
alence should distinguish Petri nets whose behaviors have different moments of choice,
because the moment of choice may influence the order in which methods are alowed
to be executed. In addition, Petri nets with the same externa behavior, but with possi-
bly different internal behavior must be considered equal . Given these two requirements,
branching bisimulation is a suitable equivalence [9,10].



Let A bethe set of marked .A-1abeled Petri netswhere A isequal to AU {r}. Recall
that a r-labeled transition corresponds to an internal method. The following auxiliary
relation expresses that a marked Petri net can evolve into another marked net by firing a
sequence of t-labeled transitions.

Definition 2.5. Therdation _[ )) - : P(N x N) isthe smallest relation satisfying, for
anyn,n’,n" e N,n[Ynandn[ )" An'[t)n” = n[))n".

Let, forany n,n’ € N anda € A, n[(a)) n’ bean abbreviation of n [a) ' v (¢ =
T AN=n'). Thatis, n[(r)) N means zero or one t stepsand, foranya € A, n[(@)) n’
isssmply n [a) n’. To define branching bisimulation, we need to identify marked Petri
nets which correspond to the successful termination of an object. A life cycle without
any tokens corresponds to aterminated object, i.e., thelife cycle of aterminated object
isof theform (N, 0).

Definition 2.6. (Branching-bisimulation equivalence) A binary relation R : P(NV x
N)isabranchingbisimulationif and onlyif, forany n, n’, m, m’, (N, s,), (M, sp) € N
and o € A,
) NRmANn[e)n’ = @m',m’: m',m’" e NV : m[))ym"[(a))m AnRmM’ An"Rm'),
i) NRmAm[a)m = @n,n": n,n" e N:n[))n"[(@) " AN"RmANRM),
i) (N, sHRM, sm) = (N, s0) [)) (N, 0) & (M, sn) [)) (M, 0).
Two marked Petri nets n and m are called branching bisimilar, denoted n ~p m, if and
only if there exists a branching bisimulation R such that nRm. Intuitively, two nets are
branching bisimilar if the environment cannot detect any differences by just observing
the transitionswith a label not equal to z. Therefore, the observable behaviors of two
nets are equivaent if and only if the nets are branching bisimilar.
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Fig. 2. Branching bisimulation.

The first two requirementsin Definition 2.6 state that steps in the first marked Petri net
area so possibleinthe second and viceversa. Thethird requirement saysthat if amarked
Petri net can terminate viaanumber of t steps, then thisalso holdsfor any other related
marked Petri net. Figure 2 shows the essence of branching bisimulation. Note that for
any @ € A, therdation _[«) _ isdepicted by an a-labeled arrow, whereas the relation
_[)) -isdepicted by a double-headed arrow.

3 Object LifeCycles

Using Petri nets for the specification of object life cycles allows us to specify a partial
ordering of methods. However, not every labeled Petri net specifies an object life cycle.
As discussed in the introduction, we introduce three reserved labels, namely 7 for ob-
ject creation, A for object termination and = for internal methods. Set L, not containing



any of the specia labels, isthe set of method labels corresponding to external methods;
Lsistheset of method labelsincluding thethreespecia labels,i.e, Ls = LU{v, A, t}.
A Petri net which specifies alife cycle has exactly one transition t;, which corresponds
to the creation of an object and bears a 7 |abel. For convenience, we assume that t;, has
one unique input place i and that every transition has at least one input place. A Petri
net describing alife cycle refers to the life cycle of a single object. It suffices to con-
sider just one object because of the fact that objects interact via the execution of meth-
ods and not directly viathelife cycle. Since we focus on one object at atime, initially,
placei contains one token. An object terminates the moment a method with a A label
is executed. Between the creation and the termination of an object, there is always at
least one token present in the life cycle. If we restrict ourselves to life cycles without
inherent parallelism, it suffices to have just one token. The introduction of parallelism
resultsin multipletokensthat are present in the life cycle. We can think of these tokens
as ‘stage indicators' referring to the same object. The moment an object is terminated,
all tokens which correspond to the object should be removed. This means that firing a
A-labeled transition resultsin an empty Petri net indicating that the object has ceased to
exist. Finaly, we assume that it is always possible to terminate by executing the appro-
priate sequence of methods. However, this does not mean that every object isforced to
terminate. The following definition formalizes the notion of an object life cycle.

Definition 3.1. (Object life cycle) A marked Ls-labeled Petri net (N, s) where N =
(P, T, F, £) describes an object lifecycle if and only if
i) P containsaspecia placei and T containsaspecia transitionty such that *i = g,
i* = {ty} and*ty = {i}. Moreover, t; istheonly transitionin T such that £(ty) =
v. For any transitiont € T, *t #£ @.
ii) Theinitia marking s contains onetoken, whichisatokenini,i.e, s ={[i].
iii) Lets beanarbitrary state reachable froms, i.e., (N, s) [*) (N, §).

- Foranyt € T suchthat (N, s)[t), (N, s)[£(t)) (N, 0) & £(t) = A.Hence,
there is a one-to-one correspondence between the termination of an object
and firing a A-labeled transition.

- Itispossibleto terminate successfully froms',i.e, (N, ) [*) (N, 0).

If we restrict ourselves to free-choice Petri nets, then there is a polynomial-time algo-
rithmto verify the requirementsin Definition 3.1 [1]. Moreover, for most object life cy-
clesit is easy to see whether these requirements hold. Petri nets satisfying the require-
ments stated in Definition 3.1 have a number of nice properties. One of them is bound-
edness, i.e.,, the number of reachable statesisfinite.

Property 3.2. A marked Petri net (N, [i]) representing an object life cycle is bounded.

Proof. If an object lifecycle (N, [i]) isnot bounded, then there are two reachabl e states
sy and s, such that (N, [i]) [*) (N, s) [*) (N, ) ands, > 5. Since (N, [i]) isalife
cycle, there is a sequence of firings o leading from (N, $;) to (N, 0). The label of the
last transitionthat fired is A. However, we can also execute o from (N, 5,). Inthiscase,
thelabel of thefina firingisstill A but thisfiring does not result in (N, 0) which con-
tradictsthe fact that (N, [i]) isan object life cycle. Hence, an object lifecycle (N, [i])
is bounded. O



4 Life-Cyclelnheritance

We have given aformal definition of an object life cycle in terms of a Petri net. Now, it
istimeto answer the following question: When isan object life cycle asubclass of some
other object life cycle? To answer this question, we have to establish an inheritance re-
lationfor object life cycles. Inspired by the process-al gebraic concepts of encapsulation
and abstraction, two basic forms of inheritance seem to be appropriate[5]. Thefirst one
correspondsto encapsulation. Let (No, [i]) and (Ng, [i]) betwo object life cycles.

If the environment only callsthe methods of (N3, [i]) which are al so present

in (No, [i]) and it cannot distinguish the observable behavior of (No, [i])

and (Ng, [i]), then (Ng, [i]) isa subclass of (No, [i]).
Thismeansthat if the new methods added to the subclass are bl ocked or the environment
isnot willingto usethe new methods, then the superclass and the subcl ass behave equiv-
alently. This corresponds to the encapsul ation operator known from ACP. This form of
inheritanceisreferred to as protocol inheritance because the subclassinheritsthe proto-
col of thesuperclass. By definition, it conformsto the substitutability principle. It iseasy
to verify that (Ng, [i]) in Figure 1 isasubclass of (N, [i]) under protocol inheritance.
If method birthday is blocked, then the observable behaviors are identical .

The second basic form of inheritance corresponds to abstraction.

If the environment iswilling to call the methods of (N, [i]) which are not
present in (No, [i]) and it cannot distinguish the observable behavior of
(No, [i]) and (Ny, [i]) withrespect tothemethodsof (N, [i]), then (N, [i])
isa subclass of (No, [i]).

Thismeansthat when willingto call new methods(i.e., the methodsin N; but notin No),
the behavior of the subclass coincideswith the behavior of the superclasswith respect to
the old methods. However, if the environment is reluctant to call some of the new meth-
ods, it may discover differences with respect to the old methods. If we consider the new
methods to be internal methods which cannot disable old methods, then the superclass
and the subclass behave equival ently. For thosefamiliar with process algebra, itiseasy to
seethat this correspondsto abstraction turning actionsintointernal ¢ actions. Thisform
of inheritanceisreferred to as projection inheritance. It isalso easy to seethat (Ny, [i])
in Figure 1 is a subclass of (Np, [i]) with respect to projection inheritance. If we hide
the method birthday, then the observable behaviors are identical.

Anaogoudly to [5], we define two other forms of inheritance by combining the two
basic forms just presented. But first, we define the encapsulation operator 0y and the
abstraction operator t; on Petri nets.

Definition 4.1. (Encapsulation and abstraction) Let (N, s) be a marked L s-labeled
Petri net with N = (P, T, F, ¢).

i) Forany H C L, theencapsulation operator oy removes all transitionswith a la
bel in H from a given Petri net. Formaly, o4 (N,s) = (N’,s) such that N’ =
(P,T,F, ), T'={teT|e®) dH,F=FN(P xT)U(T x P)) and
¢ =¢Nn (T xLg).

ii) Forany | < L, the abstraction operator t; renames al transition labelsin | to
7. Thatis, 7 (N,s) = (N, s) suchthat N’ = (P, T, F,¢)andforanyt € T,
L) e | implies¢/(t) =t and £(t) & | implies?'(t) = £(t).



Note that the encapsulation of methods corresponds to the removal of transitions, i.e.,
the blocking of a method is achieved by removing the corresponding transitions.

Property 4.2. Branching bisimulation, ~y, is a congruence for encapsulation and ab-
straction.

Proof. It is straightforward to verify that branching bisimulation, ~y, isan equivalence
relation[4]. It remainsto show that for any twomarked nets (No, ) and (N1, 1) and any
H, 1 €L, (No, S0) ~b (N1, s1) impliesthat 9y (No, So) ~b 91 (N1, S1) and 7; (No, So) ~p
71 (N1, $1). Let R be a branching bisimulation between (Ng, Sp) and (N3, s;). Based on
R, we define the binary relation Q = {(dn (No, U), 34 (N1, v)) | (No, So) [*) (No, U) A
(N, s1) [*) (N1, v) A (Ng, WR(Ny, v)}. It isnot difficult to verify that Q isabranch-
ing bisimulation between 9y (N, S) and 94 (N3, 1). Hence, ~, isacongruencefor the
encapsul ation operator dy. Similarly, we can prove that ~y, is a congruence for the ab-
straction operator ;. O

Using encapsulation and abstraction, we define protocol inheritance and projection in-
heritance respectively. It isalso possibleto combine these two basic definitions. Proto-
col/projection inheritance is the conjunction of the two basic forms of inheritance. An
object life cycle is a subclass of another object life cycle under protocol/projectionin-
heritanceif and only if it is a subclass under protocol inheritance and under projection
inheritance. The digjunction of the two basic forms of inheritance does not yield an in-
teresting inheritance relation. It lacks desirable properties as transitivity. However, it is
possibleto state that for every method new to a subclass one of thetwo basic formsof in-
heritance should hold. Thisform of inheritanceiscalledlife-cycleinheritance. An object
lifecycleisasubclass of another object life cycle, itssuperclass, under life-cycleinheri-
tanceif and only if the abstraction of some methods and the encapsul ation of some other
methods of the subclass resultsin an object life cycle equivalent to the superclass.

Definition 4.3. (Inheritance relations) For any two marked nets (N, s), (N, §') € NV,

i) protocol inheritance: (N, s) isasubclass of (N’, s) under protocol inheritance,
denoted (N, s) <t (N, ), if and only if thereisan H < L suchthat 94 (N, S) ~p
(N, ),

ii) projection inheritance: (N, s) is a subclass of (N’, s') under projection inheri-
tance, denoted (N, s) <y (N’, 8), if and only if thereisan | < L such that
71(N,8) ~p (N, 8),

iii) protocol/projection inheritance: (N, s) is a subclass of (N’, s") under protocol/
projectioninheritance, denoted (N, s)<pp(N’, ), if and onlyif thereisanH < L
such that 94 (N, s) ~, (N, s) andan | € L suchthat 7 (N, s) ~p (N, 8),

iv) life-cycleinheritance: (N, s) isasubclassof (N’, s') under life-cycleinheritance,
denoted (N, s) <ic (N, 8), if and only if thereisan | € L andan H C L such
thatl "NH =gandt, o4 (N, s) ~, (N, s).

Notethat life-cycle inheritance is defined in terms of a function composition (t; o dy).
Since we demand that | and H are digoint, we may change the order of encapsulation
and abstraction without changing the definition of life-cycle inheritance.

Figure 3 shows an overview of thefour inheritance relations. Protocol/projectionin-
heritanceisthe strongest form of inheritance. If an object lifecycleisasubclasswithre-
spect to protocol/projectioninheritance, thenit isal so asubclasswith respect to the other
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Fig. 3. An overview of life-cycle-inheritance relations.

threeforms of inheritance. In Figure 1, (N, [i]) isasubclass of (N, [i]) with respect to
protocol/projection inheritance. Therefore, (Ny, [i]) isaso a subclass of (Np, [i]) with
respect to the other threeforms of inheritance. Life-cycleinheritanceistheweakest form
of inheritance. If an object life cycle is a subclass with respect to any of the four forms
of inheritance, then it is aso a subclass with respect to life-cycleinheritance. In [5], it
isshown that theinclusion relationsin Figure 3 are strict and that there are no inclusion
relations between protocol inheritance and projection inheritance.
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Fig.4. (N, [iD) <pt (No, [iD, (N2, [i]) <p (No, [i]) and (Ng, [i]) <ic (No, [i]).

Example 4.4. The four object life cycles shown in Figure 4 illustrate the above inher-
itancerelations. (N, [i]) isasubclass of (Np, [i]) under protocol inheritance, because
removing thetransition labeled by in N; yieldsa net structurally equival ent and, hence,
branching bisimilar to (No, [i]). (N2, [i]) isasubclass of (Np, [i]) under projectionin-
heritance, because hiding by in N, yieldsamarked Petri net whichisbranching bisimilar
to (No, [i])- (N2, [i]) isnot a subclass of (N, [i]) under protocol inheritance, because
blocking b; yieldsa net which cannot terminate successfully. (N3, [i]) isnot a subclass
of (Np, [i]) under protocol inheritance, nor isit a subclass under projection inheritance.
However, (N3, [i]) isasubclass of (N, [i]) under life-cycleinheritance.

The object life cycles shown in Figures 1 and 4 illustrate that the four inheritance re-
lations are complementary. Moreover, our belief that the four inheritance relations are
valuableis strengthened by the fact that each of them isreflexive and transitive.

Property 4.5. Protocol inheritance, projection inheritance, protocol/projection inheri-
tance, and life-cycle inheritance are preorders.



Proof. For any labeled marked Petri net (N, s), d5(N, s) isequa to (N, s) and t5(N, S)
isequal to (N, s). Hence, <y, <pj, <pp, and < arereflexive. Itisfarly straightforward
to show that < istransitive. Let (No, S), (N1, 51) and (N2, sp) be three marked Petri
netssuch that (N, So) <pt (N1, 1) and (N1, s1) <pt (N2, Sp). Itispossibletofind two sets
of labelsH, H’ C L suchthat 94 (Ng, S9) ~p (N1, 1) and dn/ (N1, s1) ~p (N, S»). Since
~yp, isacongruence for dy (see Property 4.2), it is easy to verify that 9y.un (No, S) =
dHr00H (No, S0)~bdH/ (N1, $1)~b (N2, S2). Hence, (No, So) <pt (N2, 52). Analogously, we
can prove that <y istransitive. Since <pp, = <t N <, it followsimmediately that <p,
istransitive. Showing that life-cycle inheritance istransitive is more involved. Assume
(No, %0) <ic (N1, 1) <ic (N2, $2). From the definition of life-cycleinheritanceit follows
that there are subsets H, H’, |, and |’ of L such that 7; o 94 (Ng, S9) ~b (N1, S1) and
T 0 04/ (N1, 81) ~p (N2, &), HN'I = gand H' N |’ = @ Moreover, it is possible
tochoose H, H’, I, and I’ suchthat (H U 1) N (H' U I") = @g(see[5]). Since ~y, is
a congruence for abstraction and encapsulation, it followsthat 7,y o d4-un (No, S0) =
Ty 01 009n’ 0 H(No, S0) = 71" 0 dn 0 71 0 I (No, So) ~b T1” © I (N1, S1) ~b (N2, &2).
Hence, <|c isalso transitive. O
Anaogoudly to the result in [5] we can aso show that subclass equivalence coincides
with branching-bisimulation equivalence, i.e., given two object life cycles and one of
the four inheritance relations, if thefirst life cycle is a subclass of the second life cycle
and vice versa, then the two life cycles are branching bisimilar. This is another result
showing that the definitions are sound.

Theorem 4.6. (Decidability) For any two life cycles (N, [i]) and (N, [i]) it is decid-
able whether (Ny, [i]) isasubclass of (No, [i]) with respect to <pt, <pj, <pp, OF <ic.

Proof. It followsfrom Property 3.2 that the two object life cycles are bounded. Each of
the modified object life cycles used in Definition 4.3 (i.e., 94 (Ng, [i]), 71 (Ng, [i]) and
71 0 94 (Ny, [i]) with H, I C L) is also bounded (Although they may not satisfy the
requirementsin Definition 3.1). Therefore, checking whether such amodified lifecycle
and (No, [i]) are branching bisimilar is decidable. O

5 Inheritance-Preserving-Transformation Rules

Aslong as life cycles are not too complex, it is easy to check whether a specific inher-
itance relation holds. Unfortunately, object life cycles tend to become very complex.
Although it is possible to check the inheritance relations automatically, such a check
may require alot of computing power. Therefore, we propose a number of transforma:
tion rules which preserve inheritance. Moreover, these transformation rules revea the
essence of the inheritance rel ations described in Definition 4.3.

For convenience, we introduce the alphabet operator « on Petri nets. For any Ls-
labeled Petrinet N = (P, T, F, £),a(N) = {£(t) |t € T AL(t) € Ls\ {r}}. Theunion
of two Petri netsisdefined as theunion of thecomponents, i.e., NpUNqg = (P,UPy, TpU
Tq, Fp U Fq, £p U £q) under the assumption that for any t € T, N Tg, £,(t) = £4(t).

Thefirst transformation rule preserves protocol inheritance and isillustrated in Fig-
ure 5. If we extend alifecycle (Ng, [i]) with aPetri net Ny such that (1) no transitions
are shared among both nets, (2) all new transitionsconsuming from placesin Ny have a
l[abel not in o (Ng) and (3) theresult is still alife cycle, then the extended life cycleisa
subclass of the original life cycle with respect to protocol inheritance.



Fig. 5. Protocol-inheritance-preserving transformation rule.

Theorem 5.1. (Protocol-inheritance-preserving transformationrule) Let Ng = (Py,
Tq, Fq. £q) a1d Np = (Pp, Ty, Fp, £,) betwo Petri nets. Let (N, [i]) = (Ng U N, [i])
and (N', [i]) = (Ng, [i]) be two object life cycles satisfying the requirements stated in
Definition 3.1. If the following additional properties are satisfied, namely

D TyNTy =g,

i) vp,t:teToAapePynet: £(t) € L\ a(Ny)),

Proof. We show that 9y (N, [i]) ~p (N’, [i]) with H = a(Np) \ «(Ng). Consider the
marked Petri net (N, [i]). Initialy, theplacesin P, \ Py are empty. The only way to add
tokensto one of these placesis by firing atransition consuming tokensfrom Py N Py. So,
if weremove thesetransitions (dn (N, [i])), thentheplacesin Py \ Py will remain empty
and none of the remaining transitionsin T, will ever be able to fire. Hence, the subnet
added to (N’, [i]) in a4 (N, [i]) is dead after encapsulating the transitions with a new
label. Let R betherelation {(n (N, u), (N’, ) | 9 (N, [iD[*)dn (N, u)y AN, [i])[*)
(N’, u)}. Since the subnet added to (N’, [i]) in 94 (N, [i]) is dead, it is straightforward
to verify that R isabranching bisimulation between dy (N, [i]) and (N, [i]). O

Thetransitionsinthe set {t € Tp | Py N *t # @} operate as “guards.” By blocking these
guards, the new part of the life cycle is deactivated. In Figure 5, by and b, operate as
guards. Thistransformation rule shows that extending the behavior of an object withthe
option to choose at some point an aternative behavior yields a subclass under protocol
inheritance. It followsfrom thisrulethat (Ny, [i]) in Figure 4 isasubclass of (No, [i]).

Thetransformation rule described by Theorem 5.1 isinspired by an axiom presented
in[5]. To show the relation between the transformation rules in this paper and some of
theagebraicrulesin [5], we give an intermezzo for those familiar with process a gebra.

Intermezzo 5.2. In[5], we presented an algebraic theory for studying life-cycle inheri-
tance. In this context, an object life cycle isa closed term in the algebra. Analogousto
Definition 4.3, we defined four forms of inheritance. For example, for any two object life
cycles pand g, p<pq if and onlyif 94 (p) = q isderivablefrom the agebraic axioms.

We a'so presented a number of rulesillustrating under what conditionsinheritance
ispreserved. These rulesformthe basisfor thetransformation rulesin this paper. Let L,
Ls, and @ bedefined anal ogously to the definitionsin thispaper. Let p, g, qo, 01, andr be



closedtermsand a and b actionsin Lg suchthat a(r) € L\ (e (q) U (qo) Ua(qr) U{a})
andb € L\ (x(g) U {a}). Under these conditionsthe following axioms apply.

q+b-p<pq PT
ag-r <pq PJ1
a-(r-(qo+du) +do) <pja-(go+0au) PJ2
a-@qlr)<ma-q PJ3
a-((b-r)-q+aq) <ppa-q PP

Axiom PT correspondsto Theorem 5.1. Method b functionsas aguard. By blocking the
guard, the environment is forced to follow the original life cycle g. RulesPJ1 and PJ2
state that inserting new behavior in an object life cycle that does not disable any behav-
ior of the original life cycle, yields a subclass under projection inheritance. Rule PJ3
showsthat putting behavior in paralle withthe original life cycle also yields a subclass
under projection inheritance. Rule PP shows that under protocol/projectioninheritance
it isallowed to postpone behavior. In the remainder of this section, we formulate trans-
formation ruleson Petri nets corresponding to PJ3, PJ1, and PP. Althoughit ispossible
to define a transformation rule corresponding to PJ2, we will not do so, because the du-
plication of g is not very meaningful in the context of Petri nets. O(I nter mezzo)

The second transformation rule on Petri nets correspondsto rulePJ3 andisillustratedin
Figure 6. Extending alife cycle (Ng, [i]) with aPetri net N, such that (1) no places are
shared among both nets, (2) al new transitions have alabel not in o (Ng), (3) the tran-
sitionsin Ny consuming tokensfrom N, obey the free-choice property ([7]) and (4) the
resultisstill alife cycle, yidds a subclass under projection inheritance. Hence, we can
add partstothelife cycle which are executed inparalel withtheoriginal lifecyclewhile
preserving projectioninheritance. Thethird requirement isuseful in the proof of thefol-
lowing theorem. Althoughit is sufficient, it might be possibleto relax this requirement.
It isinteresting to find out from practical examples whether thiswould be useful.

J\ e S

Fig. 6. Projection-inheritance-preserving transformation rule.
Theorem 5.3. (Projection-inheritance-preserving transformation rule) Let Ny =
(Py, Ty, Fq. £q) @d N, = (B, Ty, K, &) betwo Petri netswith foranyt € Ty N Ty,

Lq(t) = £ (t). Let (N, [i]) = (Ng U N, [i]) and (N, [i]) = (Ng, [i]) be object life
cycles. If the following additional properties are satisfied, namely



) P,NR =g
i) (Vtite T\ Ty: @) € a(Ng),
i) (Vp.t:pePRAteTyNp : M1t €Ty tNt #@=t="1)),
then (N, [i]) <p (N, [iD.

Proof. Wehaveto provethat 7, (N, [i])~p (N, [i]) with| = a(N;)\e(Ng). Let R bethe
relation {(z; (N, u), (N, v)) [U[Py = vAT (N, [iD[*) 7 (N, WA (N, [iD[*) (N, v)}.
To prove that R isabranching bisimulation between 7, (N, [i]) and (N, [i]), we show
that it satisfies the requirements of Definition 2.6. Let u be astate of N and v a state of
N’ such that 7; (N, R (N’, v).

i) Letu besuchthat 7; (N, u)[«) 7) (N, U’). We must check that thereisastate v’ of
N’ suchthat 7; (N, U)R(N’, v") and (N’, v)[(@))(N’, v"). If 7; (N, u)[e) 7 (N, U")
corresponds to firing atransitionin T; \ Ty, theno = 7 and v' = v. Otherwise,
thereisatransitionin Ty labeled o such that (N’, v) [er) (N, U' [ Py).

ii) Let v' besuch that (N, v) [a) (N, v'). It must be shown that there are states
U, u” such that 7; (N, u) [ )) 7y (N, u”) [(@)) 7 (N, U"), 7y (N, u")R(N’, v), and
7 (N, U)R(N’, v'). Let t beatransitionin Ty such that (N’, v) [£(t)) (N, v'). If t
isenabled in 7; (N, u), then it is easy to verify that u’, u” as above exist. Assume
tisnotenabledin 7; (N, u). We have to prove that t can be enabled without firing
transitionsin Ng. It followsfrom the assumptionsthat *t N P # @ and one of the
placesin*tN P isempty. Assumethat t will never beabletofireinz (N, u). One
of theinput placesof t in Py containsatoken(t isenabledin (N, v) andu[Py = v)
and because of the third requirement above all other transitionsin Ty consuming
from this place will never be able to fire. However, this means that ) (N, u) is
not alifecycle because it cannot terminate properly. Hence, it must be possibleto
enablet in 7, (N, u) without firing transitionsin Ny. It isnow straightforward to
verify that theremust be statesu’, u” suchthat 7; (N, u)[ ) ) (N, u”)[e) 71 (N, U'),
71 (N, U")R(N’, v), and 7; (N, U)R(N’, v').

iii) Remainsto provethat 7; (N, u) [)) 71(N,0) < (N’,v) [)) (N’, 0). The only
way to reach a state with no tokensin amarked Petri net satisfying Definition 3.1
isby firing a A-labeled transition. Hence 7; (N, u) [ )) ©j(N,0) < u = O and
(N, [)(N,0) & v=0.1fu=0,thenv =u[ Py = 0.1f v = 0, then
uf Py =0.Since (N, [i]) satisfies Definition 3.1, itisnot possiblethat u [Py = 0
andu # 0.Hence u=0« v=0. -

The transformation rule of Theorem 5.3 can be used to show that (N, [i]) in Figure 4

isasubclass of (N, [i]).

There are many other transformation ruleswhich preserve some kind of inheritance.
Figure7 shows atransformation ruleinspired by the algebraic axiom PJ1. It showsthat
new behavior may beinserted between partsof alifecyclethat are executed sequentially
while preserving projection inheritance. In contrast to the previous two transformation
rules, the Petri net which corresponds to the superclass is modified. The rule shown in
Figure 7 boilsdown to the replacement of an arc by an entire net. The third requirement
in the following theorem guarantees that every token that transition t, would normally
have put into place p, eventualy indeed appearsin p, by firing only transitionsof N;.
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Fig. 7. Another projection-inheritance-preserving transformation rule.

Theorem 5.4. (Another projection-inheritance-preserving transformation rule)
Let Ng = (Py, Tq, Fq. £q) @d Ny = (B, T, Fr, £) betwo Petri nets such that:
) PaN P ={ps}, TgNTr = {t.}, (te, p) € Fyq and€q(ts) = ¢ (L) for some place
p. and transitiont,,
i) (Vt:teT i t#t = 1) ¢a(Ny),
iy N/ = (R, T, K, &) withF = F U {(p, t.)} is afree-choice Petri net and
(N/, [ p]) islive and bounded.
Let Né = (P, Tq, Fc", £q) with Fc; = Fg \ {(t., p)}. IF(NL[ID = (Nc" U N, [i]) and
(N, [i[) = (Nq, [i]) are object lifecycles, then (N, [i]) <pj (N', [i]).

Proof. (sketch) We haveto provethat 7) (N, [i])~p (N’, [i]) with | = a(N;)\a(Ng). Let
R betherdation {(z; (N, u), (N, v)) | 7 (N, [i]) [*) 71 (N, u) A (N, [i]) [) (N, v) A
Ul (Py\ {p:}) = v[(Py\{p:) Av{p.} isahome-marking of (N/, u[R)}. Usingthe
theory of free-choice nets (Home-marking theorem, liveness and boundedness results,
see [7]), in combination with the life-cycle properties of Definition 3.1, it is possibleto
show that R satisfies the three requirements stated in Definition 2.6. |

Example5.5. Figure 8 illustrates the three transformation rules presented thus far. The
first transformation rule can be used to prove that (N, [i]) < (No, [i]). The second
ruleprovesthat (N, [i]) <pj (N1, [i]). Applying thethird transformation rule showsthat
(N3, [i1)<pj (N2, [i]). Thethreetransformationrulesal so preservelife-cycleinheritance.
Since <|c istransitive, we deduce that (Ns, [i]) <ic (No, [i]).

Finally, we present atransformation rulewhich preserves protocol and projectioninher-
itance. This transformation rule corresponds to the algebraic rule PP and isillustrated
in Figure 9. It shows that under protocol/projection inheritance, it is allowed to post-
pone behavior. When atoken appearsin place p,, itispossibleto iterate the behavior of
N an arbitrary number of times before continuing with the original behavior. The third
requirement in the theorem below plays a similar role as the equivalent requirement of
the previoustransformation rule. It guarantees that eventually all tokens consumed from
place p, by transitionsof N; are returned.

Theorem 5.6. (Protocol/proj ection-inheritance-preserving transformation rule)
Let Ng = (Py, Tq, Fq, £q) @d Ny = (P, Ty, Fr, &) betwo Petri nets such that:
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preserving life-cycle inheritance.
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Fig. 9. A protocol/projection-inheritance-preserving transformation rule.

i) Ty N T, = gand thereisaplace p, suchthat Py N B = {p.},
i) a(Ny) Na(Ng) = 8,
i)y Nr = (R, Ty, R, ¢) isafree-choice Petri net and (N, , [ p,]) isliveand bounded.

If (NLTi]) = (Ng U N, [iD) and (N, [i]) = (Ng, [i]) are object life cycles satisfying
the requirements of Definition 3.1, then (N, [i]) <pp (N', [i]).

Proof. (Sketch) Since the conditions of Theorem 5.1 are satisfied, protocol inheritance
ispreserved. It remainsto provethat ) (N, [i]) ~p (N, [i]) with | = «(N;). Let R be
therelation {(z; (N, u), (N’,v)) | o (N, [i]D) [*) @ (N, u) A (N, [i]D) [*) (N, v) Au |
(Pg\ {p:}) = v [ (P \ {p:}) A v [{p.} isahome-marking of (N;,u[R)}. AsinThe-
orem 5.4, the theory of free-choice nets (Home-marking theorem, liveness and bound-
edness results, see [7]), in combination with the life-cycle properties of Definition 3.1,
can be used to show that R satisfies the three requirements stated in Definition2.6. O



Thefour transformation rulespresented i n thissection giveagood characteri zation of the
variousformsof inheritance. In contrast to [5], we did not provide rulesfor the preserva-
tion of life-cycle inheritance, because these rules are combinations of the rulesfor pro-
tocol and projection inheritance (See Example 5.5). The fact that therulesin [5] corre-
spond to elegant transformation rules in a Petri-net context is encouraging. It appears
that the inheritance concepts presented in this paper are quite universal and transcend
the two formalisms.

6 An Application to Wor kflow Management

Workflow management. To date, over 250 workflow management tool s are commer-
cially available. These toolswill have atremendousimpact on the way information sys-
tems are being developed. By using a Workflow Management System (WFMS), one is
ableto devel op information systems which can easily be adapted to a changing environ-
ment ([13]). Traditionally, an information systemisacollection of applicationscentered
around a database system. This means that the business processes supported by the in-
formation system are hard-coded in the applications. Asaresult, the applicationsneed to
be modified the moment the underlying business process changes. Moreover, manage-
ment information is missing and the processes are hard to control. By using a WFMS,
oneis able to push the business processes out of the applications. The WFMS can take
care of controlling, monitoring and executing the business processes. Applications are
started by the WFMS and are unaware of the process they contribute to. By reconfig-
uring the WFM S, one can support new and/or modified processes. Processes supported
by aWFMS are case based, i.e,, the primary objective isto handle cases (e.g. purchase
orders, insurance claims, proposal forms, loan requests or tax papers) efficiently. Each
case is handled by the WFMS by executing a sequence of tasks. The routing of cases
(i.e., the partial ordering of tasks which need to be executed) is specified by a process
definition. Iteration, sequential, parallel and sel ective routing are the basi ¢ ingredi ents of
aprocess definition. There are two types of tasks; (1) tasks which require atrigger and
(2) task which do not require a trigger. Tasks which do not require atrigger correspond
to fully automatic tasks which are to be executed as soon as possible. The other tasks
require atrigger before execution. Examples of triggersare: documents, el ectronic mes-
sages, timetriggersand user triggers. Interactivetasks require a user trigger; theWFM S
cannot force a user to execute atask.

Aswewill see, aworkflow process definition correspondsto an object lifecycle. The
process definition specifies the life cycle of a case. Cases correspond to objects, tasks
correspond to methods and triggers correspond to method invocation. Tasks which do
not require a trigger correspond to internal methods. If atask requires a trigger, it cor-
responds to an external method. Given the similarities between workflow process defi-
nitionsand object life cycles, it isinteresting to see whether the results presented in this
paper can be applied to workflow management. Moreover, the techniques used in most
of the available WFMS's are close to the Petri-net-based technique used in this paper
([2,8]). Some of the WFMS's are actually based on Petri nets (e.g. COSA by Software-
Ley). Most of the other tools provide a subset of the Petri-net functionality (e.g. state
transition diagrams) and/or use an ad-hoc technique which can be mapped onto Petri
nets. A WFM S supports changes to the underlying business process. However, in many



situationsit is not possible to replace a process by an arbitrary new process. Often the
modified process is an extension of the old process. Clearly, this corresponds to some
formof inheritance. There are severa reasonsfor the application of inheritance concepts
in aworkflow management context.

— If a process definition is replaced by a new one, it isimportant that the existing
cases can be handled the ‘old way’. If the new process definition is a subclass of
the old one with respect to some form of inheritance, thisispossible by blocking
and/or executing new tasks.

— Consider the situation where a number of departments has to share some com-
mon process definition. However, each department may add some extra tasks that
are executed locally. If each of thelocal process definitionsis asubclass of some
common superclass process definition, then the superclass may provide handles
to manage, share and exchange cases.

— The user of the WFMS isfamiliar with the existing processes. If a processisre-
placed by anew one, it isimportant to identify the differences. By establishing an
inheritance relation, it becomes clear what the differences are and how the new
process can be used to handle thingsthe old way.

Notethat a process can be modified for asinglecase (ad-hoc workflow) or an entireclass
of cases (production workflow).
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Fig. 10. Thelife cycle of acomplaint.

An example. Toillustrate the use of life-cycle inheritancein the context of workflow
management, we consider the complaints desk of a fictitious Company X. The com-
plaintsdesk handles complaints of customers about the products produced by Company
X. Each complaint isregistered beforeit isclassified. Depending on the classification of
the complaint, aletter is sent to the customer or an inquiry is started. The inquiry starts



with a consultation of the department involved, followed by a discussion with the cus-
tomer. Based on thisinquiry, the necessary actionsare taken. Finally, thedossier isfiled.
Figure 10 shows the process definition which is used to configure the WFMS used by
the employees of the complaints desk. It is easy to see that the Petri net represents an
object lifecycle.
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Fig. 11. The extended life cycle of acomplaint.

The management of Company X is not satisfied with the processing of complaints.
Therefore, the WFM S hasto be reconfigured to support an extended complaint handling
process. The process definition shown in Figure 11 is used to reconfigure the WFMS.
Sincethe new process should inherit some of the propertiesof theold process, itisinter-
estingto establish alife-cycle-inheritance rel ationship between the two processes. Tran-
sition ignore_complaint has been added for complaints that make no sense, for exam-
ple complaints without the name and address of the complainant. The addition of this
task preserves protocol inheritance, as we can show by applying Theorem 5.1. Tran-
sition contact_management has been added because, in the new process, the manage-
ment of the department wants to be kept informed. Contacting the management and the
customer can be donein paralel. We can use Theorem 5.3 to show that the addition of
the contact_management task preserves projection inheritance. Another additionisthat
in the new process, after sending a letter to the complainant a new task is performed,
namely inform_management. Theorem 5.4 can be appliedto provethat theadditionof in-
form_management al so preserves projectioninheritance. At any timeduring the process-
ing of acomplaint, the complainant may request information about the processing of the
corresponding complaint. Therefore, thetransitioninform.customer has been added. By
applying Theorem 5.6, it isnot difficult to see that the addition of thistask preserves pro-
tocol and projection inheritance. Since each of the extensions preserves protocol and/or
projectioninheritance, the process definition shown in Figure 11 isasubclass of the pro-
cess definition shown in Figure 10 with respect to life-cycle inheritance.



7 Concluding Remarks

A framework for the specification and verification of life-cycleinheritance hasbeen pre-
sented. The framework is based on Petri nets and, therefore, close to the professional
experience of system devel opers engaged in object-oriented design.

Four inheritance relations have been presented, inspired by the process-algebraic
concepts of encapsulation and abstraction [5]. Encapsulation corresponds to blocking
method calls, whereas abstraction conforms to hiding method calls. By identifying four
forms of inheritance with different characteristics, designers can choose approriate in-
heritancerelationsat design time. It has been shownthat in principleall four inheritance
relations can be checked automatically.

Furthermore, anumber of powerful inheritance-preservingtransformationruleshave
been presented. These transformation rules show how an object life cycle may be ex-
tended whilepreserving certain dynamica properties. They capturefour basic constructs
to build a subclass from a superclass, namely choice, parallel composition, sequential
composition, and iteration. Since these constructs are fundamental to any (concurrent)
object-oriented language, thisis an important reason why we believe that encapsul ation
and abstraction capture the essence of inheritance of dynamic behavior. Thetransforma-
tionrulesmake it possibleto create subclasses of some given classin aconstructive way
at design time, making static analysis of subclass relations unnecessary. In thisway, the
transformation rules support the reuse of life-cycle specifications during a design.

As an example of the applicability of the concepts presented in this paper, a sm-
ple problem from the area of workflow management has been discussed. This example
shows that the notion of inheritance of dynamic behavior is useful in the adaptation of
business processes to new requirements while maintaining the important properties of
the old processes.

A future challenge is the validation of our approach by applying it to non-trivial
object-oriented design problems. For this purpose, it is needed to incorporatethe results
either in afull fledged object-oriented language based on Petri nets or to translate them
to an existing language, possibly based on another formalism for specifying life cycles.
It is also interesting to investigate in more detail the applicability of the resultsin the
context of workflow management.

Acknowledgements. Theauthorswouldliketo thank Marc Voorhoeveand the anony-
mous referees for their valuable suggestions.
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