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Abstract. Inheritance is one of the key issues of object-orientation. The inheritance mech-
anism allows for the definition of a subclass which inherits the features of a specific super-
class. This means that methods and attributes defined for the superclass are also available for
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 mechanism which allows 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 nets to specify the dynamics of an object class. The Petri-
net formalism allows for a graphical representation of the life cycle of objects which 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 results,
the application to workflow management is demonstrated.

Keywords: Object orientation, Petri nets, Inheritance, Workflow management, Object
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1 Introduction
Although object-oriented design is a relatively young practice, it is considered to be the
most promising approach to software development. Within a few years the two leading
object-oriented methodologies, OMT [16] and OOD [6], have conquered the world of
software engineering. Both methodologies 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 a transition from one state to another. In this paper, we use Petri
nets (See for example [15]) for specifying the dynamics 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,
parallelism, 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 allows for 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 N0

specifies the dynamics of an object of the class person. The creation of an object is mod-
eled by a transition with a 5 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 transitions with a 4 label results in 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
N0. Firing the transition with label m corresponds to the marriage of a person and re-
sults in 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 is transferred from mar-
ried to single. Object life cycle N1 specifies the dynamics of the class another person.
Compared to the original 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. Note that in this object life cycle the state of a person is represented by two tokens.
As a result, it is possible to have concurrency within the same object.

In general, the state of an object is represented by a distributionof tokens over places.
Transitions represent state changes. The label of a transition refers to the method being
executed when the transition fires. Note that a method is the implementation of an oper-
ation that can be executed for specific objects. There are three reserved method labels,5
(object creation), 4 (object termination) and τ (internal method). In Figure 1 there are
no τ -labeled transitions. However, it turns out to be useful to distinguish internal meth-
ods from external methods. Internal methods can only be activated by the object itself.
External methods can also be activated by other objects.

The two object life cycles shown in Figure 1 have a lot in common. In fact, N1 com-
prises N0. Moreover, it appears that life cycle N1 incorporates, or inherits, all properties
of life cycle N0 and adds its own unique properties. Inheritance is one of the key issues
in object-orientation.Unfortunately, inheritance is often limited to sharing attributes and
methods among object classes. Until now, a good concept for life-cycle inheritance was
lacking. Existing object-oriented methodologies such as OMT [16] and OOD [6] do not
give a clear 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
inherits the life cycle of another class.

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



these concepts, four inheritance relations are defined. The process-algebraic character-
ization of life-cycle inheritance in [5] is rather straightforward because encapsulation
and abstraction are well investigated in process algebra and 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 a number of desirable properties. In practice,
however, state-transition diagrams are often used because of their graphical nature, sim-
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 methodolo-
gies. Therefore, we resort to Petri nets for the specification of object life cycles. Petri nets
provide a graphical formalism which is much closer to existing methodologies such as
OMT and OOD.

In this paper, we show that it is possible to formalize the four inheritance relations in
a Petri-net context. One basic form of inheritance, called protocol inheritance, is based
on blocking or encapsulating methods. The second form, called projection inheritance,
is based on hiding methods by means of abstraction. The other two inheritance relations
are combinations of the two basic ones. The intuition behind all four inheritance rela-
tions is 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
its superclass is expected. As we will see, protocol inheritance adheres to this principle.
However, in [14], Lakos informally discusses inheritance of dynamic behavior in a prac-
tical context. He investigates four case studies and concludes that substitutability is in
practice often too strong a requirement. In his opinion, allowing 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.
Identifying forms of inheritance with different characteristics, allows users to choose the
appropriate form of inheritance, depending on the requirements of a design problem. To
assist system designers, a number of transformation rules which preserve specific forms
of inheritance are presented. These transformation rules show how the object life cycle
of a superclass may be extended for a subclass while preserving life-cycle inheritance.
To demonstrate the usefulness of the results presented in this paper, we focus on the ap-
plication of our inheritance concepts in a workflow management setting.

2 Labeled Petri Nets
In this paper, we use standard Petri nets extended with a labeling function. Let A be some
universe of action labels. Action labels can be thought of as method identifiers, i.e., firing
a transition with label a ∈ A corresponds to the execution of method a.

Definition 2.1. (Labeled Petri net) An A-labeled Petri net is a tuple N = (P, T, F, `)
where

i) P is a finite set of places;
ii) T is a finite set of transitions such that P ∩ T = ø;

iii) F ⊆ (P × T ) ∪ (T × P) is a set of directed arcs, called the flow relation;
iv) ` : T → A is a labeling function.



A place p is called an input place of a transition t if and only if there exists a directed
arc from p to t . Place p is called an output place of transition t if and only if there exists
a directed arc from t to p. We use •t to denote the set of input places for a transition t .
The notations t •, •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, is the distribution of tokens over the places. Hence, the state of a
net can be represented by a finite multi-set, or bag, of places. The following definitions
and notations for bags are used.

A bag of elements from some alphabet A can be considered as a function from A to
the natural numbers IN. That is, for some bag X over alphabet A and a ∈ A, X (a) de-
notes the number of occurrences of a. Note that any set of elements from A also denotes
a unique bag over A. The empty bag is denoted 0. For the explicit enumeration of a bag,
a notation similar to the notation for sets is used, but using square brackets instead of
curly brackets and using superscripts to denote the cardinality of the elements. For ex-
ample, [a2, b, c3] denotes the bag with two elements a, one b, and three elements c; the
bag [a2 | a ∈ A∧ P(a)] contains two elements a for every a ∈ A such that P(a) holds,
where P is some predicate on symbols of the alphabet. To denote individual elements of
a bag, the same symbol “∈” is used as for sets. The union of two bags X and Y , denoted
X ] Y , is defined as [an | a ∈ A ∧ n = X (a)+ Y (a)]. The difference of X and Y ,
denoted X − Y , is defined as [an | a ∈ A ∧ n = (X (a)− Y (a))max 0]. The restriction
of X to some domain D ⊆ A, denoted X |̀ D, is defined as [aX (a) | a ∈ D]. Bag X is a
subbag of Y , denoted X ≤ Y , if and only if for all a ∈ 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, `) is a labeled Petri net and where s is a bag over P denoting the state or mark-
ing of the net.

Marked Petri nets have a dynamic behavior which is defined by the following firing rule.

Definition 2.3. (Firing rule) Let (N , s) be a marked Petri net with N = (P, T, F, `). A
transition t ∈ T is enabled, denoted (N , s)[t〉, if and only if each input place contains at
least one token. That is, (N , s)[t〉 ⇔ •t ≤ s. An enabled transitioncan fire. If a transition
t fires, then it consumes one token from each of its input places; it produces one token
for each of its output places. The visible effect of a firing is the label of the transition.
Formally, (N , s) [`(t)〉 (N , s − •t ] t •).

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

Definition 2.4. (Reachability) Let (N , s) be a marked A-labeled Petri net. State s′ is
reachable from s, denoted (N , s)[∗〉(N , s′), if and only if s′ equals s or if for some n ∈ IN
there exist a0, a1, . . . an ∈ A and markings s1, . . . , sn such that (N , s) [a0〉 (N , s1) [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 nets is 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 allowed
to be executed. In addition, Petri nets with the same external 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 N be the set of marked A-labeled Petri nets whereA is equal to A∪ {τ }. Recall
that a τ -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 τ -labeled transitions.

Definition 2.5. The relation [ 〉〉 : P(N × N ) is the smallest relation satisfying, for
any n, n′, n′′ ∈ N , n [ 〉〉 n and n [ 〉〉 n′ ∧ n′ [τ 〉 n′′ ⇒ n [ 〉〉 n′′.

Let, for any n, n′ ∈ N and α ∈ A, n [(α)〉 n′ be an abbreviation of n [α〉 n′ ∨ (α =
τ ∧ n = n′). That is, n [(τ )〉 n′ means zero or one τ steps and, for any a ∈ A, n [(a)〉 n′
is simply 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 a terminated object, i.e., the life cycle of a terminated object
is of the form (N , 0).

Definition 2.6. (Branching-bisimulation equivalence) A binary relationR : P(N ×
N ) is a branching bisimulation if and only if, for any n, n′,m,m′, (N , sn), (M, sm) ∈ N
and α ∈ A,

i) nRm∧n [α〉n′ ⇒ (∃m′,m′′ : m′,m′′ ∈ N : m[ 〉〉m′′[(α)〉m′∧nRm′′∧n′Rm′),
ii) nRm∧m [α〉m′ ⇒ (∃ n′, n′′ : n′, n′′ ∈ N : n [ 〉〉 n′′ [(α)〉 n′ ∧n′′Rm∧ n′Rm′),

iii) (N , sn)R(M, sm)⇒ (N , sn) [ 〉〉 (N , 0)⇔ (M, sm) [ 〉〉 (M, 0).

Two marked Petri nets n and m are called branching bisimilar, denoted n ∼b m, if and
only if there exists a branching bisimulationR such that nRm. Intuitively, two nets are
branching bisimilar if the environment cannot detect any differences by just observing
the transitions with a label not equal to τ . Therefore, the observable behaviors of two
nets are equivalent if and only if the nets are branching bisimilar.
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Fig. 2. Branching bisimulation.

The first two requirements in Definition 2.6 state that steps in the first marked Petri net
are also possible in the second and vice versa. The third requirement says that if a marked
Petri net can terminate via a number of τ steps, then this also holds for any other related
marked Petri net. Figure 2 shows the essence of branching bisimulation. Note that for
any α ∈ A, the relation [α〉 is depicted by an α-labeled arrow, whereas the relation

[ 〉〉 is depicted by a double-headed arrow.

3 Object Life Cycles
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 5 for ob-
ject creation,4 for object termination and τ for internal methods. Set L , not containing



any of the special labels, is the set of method labels corresponding to external methods;
Ls is the set of method labels including the three special labels, i.e., Ls = L∪{5,4, τ }.
A Petri net which specifies a life cycle has exactly one transition t5 which corresponds
to the creation of an object and bears a5 label. For convenience, we assume that t5 has
one unique input place i and that every transition has at least one input place. A Petri
net describing a life 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 via the life cycle. Since we focus on one object at a time, initially,
place i contains one token. An object terminates the moment a method with a 4 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
results in multiple tokens that 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
4-labeled transition results in an empty Petri net indicating that the object has ceased to
exist. Finally, 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 is forced 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 life cycle if and only if

i) P contains a special place i and T contains a special transition t5 such that •i = ø,
i• = {t5} and •t5 = {i}. Moreover, t5 is the only transition in T such that `(t5) =
5. For any transition t ∈ T , •t 6= ø.

ii) The initial marking s contains one token, which is a token in i, i.e., s = [i].
iii) Let s′ be an arbitrary state reachable from s, i.e., (N , s) [∗〉 (N , s′).

- For any t ∈ T such that (N , s′)[t〉, (N , s′)[`(t)〉(N , 0)⇔ `(t) = 4. Hence,
there is a one-to-one correspondence between the termination of an object
and firing a 4-labeled transition.

- It is possible to terminate successfully from s′, i.e., (N , s′) [∗〉 (N , 0).

If we restrict ourselves to free-choice Petri nets, then there is a polynomial-time algo-
rithm to verify the requirements in Definition 3.1 [1]. Moreover, for most object life cy-
cles it 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 states is finite.

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

Proof. If an object life cycle (N , [i]) is not bounded, then there are two reachable states
s1 and s2 such that (N , [i]) [∗〉 (N , s1) [∗〉 (N , s2) and s2 > s1. Since (N , [i]) is a life
cycle, there is a sequence of firings σ leading from (N , s1) to (N , 0). The label of the
last transition that fired is4. However, we can also execute σ from (N , s2). In this case,
the label of the final firing is still 4 but this firing does not result in (N , 0) which con-
tradicts the fact that (N , [i]) is an object life cycle. Hence, an object life cycle (N , [i])
is bounded. 2



4 Life-Cycle Inheritance
We have given a formal definition of an object life cycle in terms of a Petri net. Now, it
is time to answer the following question: When is an object life cycle a subclass of some
other object life cycle? To answer this question, we have to establish an inheritance re-
lation for object life cycles. Inspired by the process-algebraic concepts of encapsulation
and abstraction, two basic forms of inheritance seem to be appropriate [5]. The first one
corresponds to encapsulation. Let (N0, [i]) and (N1, [i]) be two object life cycles.

If the environment only calls the methods of (N1, [i]) which are also present
in (N0, [i]) and it cannot distinguish the observable behavior of (N0, [i])
and (N1, [i]), then (N1, [i]) is a subclass of (N0, [i]).

This means that if the new methods added to the subclass are blocked or the environment
is not willing to use the new methods, then the superclass and the subclass behave equiv-
alently. This corresponds to the encapsulation operator known from ACP. This form of
inheritance is referred to as protocol inheritance because the subclass inherits the proto-
col of the superclass. By definition, it conforms to the substitutabilityprinciple. It is easy
to verify that (N1, [i]) in Figure 1 is a subclass of (N0, [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 is willing to call the methods of (N1, [i]) which are not
present in (N0, [i]) and it cannot distinguish the observable behavior of
(N0, [i]) and (N1, [i])with respect to the methods of (N0, [i]), then (N1, [i])
is a subclass of (N0, [i]).

This means that when willing to call new methods (i.e., the methods in N1 but not in N0),
the behavior of the subclass coincides with the behavior of the superclass with 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 equivalently. For those familiar with process algebra, it is easy to
see that this corresponds to abstraction turning actions into internal τ actions. This form
of inheritance is referred to as projection inheritance. It is also easy to see that (N1, [i])
in Figure 1 is a subclass of (N0, [i]) with respect to projection inheritance. If we hide
the method birthday, then the observable behaviors are identical.

Analogously to [5], we define two other forms of inheritance by combining the two
basic forms just presented. But first, we define the encapsulation operator ∂H and the
abstraction operator τI on Petri nets.

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

i) For any H ⊆ L , the encapsulation operator ∂H removes all transitions with a la-
bel in H from a given Petri net. Formally, ∂H (N , s) = (N ′, s) such that N ′ =
(P, T ′, F ′, `′), T ′ = {t ∈ T | `(t) 6∈ H }, F ′ = F ∩ ((P × T ′) ∪ (T ′ × P)) and
`′ = ` ∩ (T ′ × Ls).

ii) For any I ⊆ L , the abstraction operator τI renames all transition labels in I to
τ . That is, τI (N , s) = (N ′, s) such that N ′ = (P, T, F, `′) and for any t ∈ T ,
`(t) ∈ I implies `′(t) = τ and `(t) 6∈ I 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, ∼b, is a congruence for encapsulation and ab-
straction.

Proof. It is straightforward to verify that branching bisimulation,∼b , is an equivalence
relation [4]. It remains to show that for any twomarked nets (N0, s0) and (N1, s1) and any
H, I ⊆ L , (N0, s0)∼b (N1, s1) implies that ∂H (N0, s0)∼b ∂H (N1, s1) and τI (N0, s0)∼b

τI (N1, s1). Let R be a branching bisimulation between (N0, s0) and (N1, s1). Based on
R, we define the binary relation Q = {(∂H (N0, u), ∂H (N1, v)) | (N0, s0) [∗〉 (N0, u) ∧
(N1, s1) [∗〉 (N1, v) ∧ (N0, u)R(N1, v)}. It is not difficult to verify that Q is a branch-
ing bisimulation between ∂H (N0, s0) and ∂H (N1, s1). Hence, ∼b is a congruence for the
encapsulation operator ∂H . Similarly, we can prove that ∼b is a congruence for the ab-
straction operator τI . 2

Using encapsulation and abstraction, we define protocol inheritance and projection in-
heritance respectively. It is also possible to 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/projection in-
heritance if and only if it is a subclass under protocol inheritance and under projection
inheritance. The disjunction of the two basic forms of inheritance does not yield an in-
teresting inheritance relation. It lacks desirable properties as transitivity. However, it is
possible to state that for every method new to a subclass one of the two basic forms of in-
heritance should hold. This form of inheritance is called life-cycle inheritance. An object
life cycle is a subclass of another object life cycle, its superclass, under life-cycle inheri-
tance if and only if the abstraction of some methods and the encapsulation of some other
methods of the subclass results in an object life cycle equivalent to the superclass.

Definition 4.3. (Inheritance relations) For any two marked nets (N , s), (N ′, s′) ∈ N ,

i) protocol inheritance: (N , s) is a subclass of (N ′, s′) under protocol inheritance,
denoted (N , s)≤pt (N ′, s′), if and only if there is an H ⊆ L such that ∂H (N , s)∼b

(N ′, s′),
ii) projection inheritance: (N , s) is a subclass of (N ′, s′) under projection inheri-

tance, denoted (N , s) ≤pj (N ′, s′), if and only if there is an I ⊆ L such that
τI (N , s)∼b (N ′, s′),

iii) protocol/projection inheritance: (N , s) is a subclass of (N ′, s′) under protocol/
projection inheritance, denoted (N , s)≤pp(N ′, s′), if and only if there is an H ⊆ L
such that ∂H (N , s)∼b (N ′, s′) and an I ⊆ L such that τI (N , s) ∼b (N ′, s′),

iv) life-cycle inheritance: (N , s) is a subclass of (N ′, s′) under life-cycle inheritance,
denoted (N , s) ≤lc (N ′, s′), if and only if there is an I ⊆ L and an H ⊆ L such
that I ∩ H = ø and τI ◦ ∂H (N , s)∼b (N ′, s′).

Note that life-cycle inheritance is defined in terms of a function composition (τI ◦ ∂H ).
Since we demand that I and H are disjoint, we may change the order of encapsulation
and abstraction without changing the definition of life-cycle inheritance.

Figure 3 shows an overview of the four inheritance relations. Protocol/projection in-
heritance is the strongest form of inheritance. If an object life cycle is a subclass with re-
spect to protocol/projectioninheritance, then it is also a subclass with respect to the other
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Fig. 3. An overview of life-cycle-inheritance relations.

three forms of inheritance. In Figure 1, (N1, [i]) is a subclass of (N0, [i])with respect to
protocol/projection inheritance. Therefore, (N1, [i]) is also a subclass of (N0, [i]) with
respect to the other three forms of inheritance. Life-cycle inheritance is the weakest form
of inheritance. If an object life cycle is a subclass with respect to any of the four forms
of inheritance, then it is also a subclass with respect to life-cycle inheritance. In [5], it
is shown that the inclusion relations in Figure 3 are strict and that there are no inclusion
relations between protocol inheritance and projection inheritance.
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Fig. 4. (N1, [i]) ≤pt (N0, [i]), (N2, [i]) ≤pj (N0, [i]) and (N3, [i]) ≤lc (N0, [i]).

Example 4.4. The four object life cycles shown in Figure 4 illustrate the above inher-
itance relations. (N1, [i]) is a subclass of (N0, [i]) under protocol inheritance, because
removing the transition labeled b0 in N1 yields a net structurally equivalent and, hence,
branching bisimilar to (N0, [i]). (N2, [i]) is a subclass of (N0, [i]) under projection in-
heritance, because hiding b1 in N2 yields a marked Petri net which is branching bisimilar
to (N0, [i]). (N2, [i]) is not a subclass of (N0, [i]) under protocol inheritance, because
blocking b1 yields a net which cannot terminate successfully. (N3, [i]) is not a subclass
of (N0, [i]) under protocol inheritance, nor is it a subclass under projection inheritance.
However, (N3, [i]) is a subclass of (N0, [i]) under life-cycle inheritance.

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
valuable is strengthened by the fact that each of them is reflexive 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), ∂ø(N , s) is equal to (N , s) and τø(N , s)
is equal to (N , s). Hence, ≤pt,≤pj,≤pp, and≤lc are reflexive. It is fairly straightforward
to show that ≤pt is transitive. Let (N0, s0), (N1, s1) and (N2, s2) be three marked Petri
nets such that (N0, s0)≤pt (N1, s1) and (N1, s1)≤pt (N2, s2). It is possible to find two sets
of labels H, H ′ ⊆ L such that ∂H (N0, s0)∼b (N1, s1) and ∂H ′(N1, s1)∼b (N2, s2). Since
∼b is a congruence for ∂H (see Property 4.2), it is easy to verify that ∂H ′∪H (N0, s0) =
∂H ′ ◦∂H (N0, s0)∼b∂H ′(N1, s1)∼b (N2, s2). Hence, (N0, s0)≤pt (N2, s2). Analogously, we
can prove that≤pt is transitive. Since ≤pp = ≤pt ∩ ≤pj, it follows immediately that≤pp

is transitive. Showing that life-cycle inheritance is transitive is more involved. Assume
(N0, s0)≤lc (N1, s1)≤lc (N2, s2). From the definition of life-cycle inheritance it follows
that there are subsets H, H ′, I, and I ′ of L such that τI ◦ ∂H (N0, s0) ∼b (N1, s1) and
τI ′ ◦ ∂H ′(N1, s1) ∼b (N2, s2), H ∩ I = ø and H ′ ∩ I ′ = ø. Moreover, it is possible
to choose H, H ′, I, and I ′ such that (H ∪ I ) ∩ (H ′ ∪ I ′) = ø (see [5]). Since ∼b is
a congruence for abstraction and encapsulation, it follows that τI ′∪I ◦ ∂H ′∪H (N0, s0) =
τI ′ ◦ τI ◦ ∂H ′ ◦ ∂H (N0, s0) = τI ′ ◦ ∂H ′ ◦ τI ◦ ∂H (N0, s0)∼b τI ′ ◦ ∂H ′(N1, s1)∼b (N2, s2).
Hence, ≤lc is also transitive. 2

Analogously to the result in [5] we can also show that subclass equivalence coincides
with branching-bisimulation equivalence, i.e., given two object life cycles and one of
the four inheritance relations, if the first 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 (N0, [i]) and (N1, [i]) it is decid-
able whether (N1, [i]) is a subclass of (N0, [i]) with respect to ≤pt, ≤pj, ≤pp, or ≤lc.

Proof. It follows from 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., ∂H (N1, [i]), τI (N1, [i]) and
τI ◦ ∂H (N1, [i]) with H, I ⊆ L) is also bounded (Although they may not satisfy the
requirements in Definition 3.1). Therefore, checking whether such a modified life cycle
and (N0, [i]) are branching bisimilar is decidable. 2

5 Inheritance-Preserving-Transformation Rules
As long 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 a lot of computing power. Therefore, we propose a number of transforma-
tion rules which preserve inheritance. Moreover, these transformation rules reveal the
essence of the inheritance relations described in Definition 4.3.

For convenience, we introduce the alphabet operator α on Petri nets. For any Ls-
labeled Petri net N = (P, T, F, `), α(N) = {`(t) | t ∈ T ∧ `(t) ∈ Ls \ {τ }}. The union
of two Petri nets is defined as the union of the components, i.e., Np∪Nq = (Pp∪Pq , Tp∪
Tq , Fp ∪ Fq , `p ∪ `q ) under the assumption that for any t ∈ Tp ∩ Tq , `p(t) = `q(t).

The first transformation rule preserves protocol inheritance and is illustrated in Fig-
ure 5. If we extend a life cycle (Nq , [i]) with a Petri net Np such that (1) no transitions
are shared among both nets, (2) all new transitions consuming from places in Nq have a
label not in α(Nq) and (3) the result is still a life cycle, then the extended life cycle is a
subclass of the original life cycle with respect to protocol inheritance.
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Fig. 5. Protocol-inheritance-preserving transformation rule.

Theorem 5.1. (Protocol-inheritance-preserving transformation rule) Let Nq = (Pq ,

Tq , Fq, `q) and Np = (Pp , Tp, Fp, `p) be two Petri nets. Let (N , [i]) = (Nq ∪ Np, [i])
and (N ′, [i]) = (Nq , [i]) be two object life cycles satisfying the requirements stated in
Definition 3.1. If the following additional properties are satisfied, namely

i) Tq ∩ Tp = ø,
ii) (∀ p, t : t ∈ Tp ∧ p ∈ Pq ∩ •t : `(t) ∈ L \ α(Nq)),

then (N , [i])≤pt (N ′, [i]).

Proof. We show that ∂H (N , [i]) ∼b (N ′, [i]) with H = α(Np) \ α(Nq). Consider the
marked Petri net (N , [i]). Initially, the places in Pp \ Pq are empty. The only way to add
tokens to one of these places is by firing a transition consuming tokens from Pq∩Pp . So,
if we remove these transitions (∂H (N , [i])), then the places in Pp \ Pq will remain empty
and none of the remaining transitions in Tp will ever be able to fire. Hence, the subnet
added to (N ′, [i]) in ∂H (N , [i]) is dead after encapsulating the transitions with a new
label. LetR be the relation {(∂H (N , u), (N ′, u)) | ∂H (N , [i])[∗〉∂H (N , u)∧(N ′, [i])[∗〉
(N ′, u)}. Since the subnet added to (N ′, [i]) in ∂H (N , [i]) is dead, it is straightforward
to verify thatR is a branching bisimulation between ∂H (N , [i]) and (N ′, [i]). 2

The transitions in the set {t ∈ Tp | Pq ∩ •t 6= ø} operate as “guards.” By blocking these
guards, the new part of the life cycle is deactivated. In Figure 5, b0 and b1 operate as
guards. This transformation rule shows that extending the behavior of an object with the
option to choose at some point an alternative behavior yields a subclass under protocol
inheritance. It follows from this rule that (N1, [i]) in Figure 4 is a subclass of (N0, [i]).

The transformation rule described by Theorem 5.1 is inspired by an axiom presented
in [5]. To show the relation between the transformation rules in this paper and some of
the algebraic rules in [5], we give an intermezzo for those familiar with process algebra.

Intermezzo 5.2. In [5], we presented an algebraic theory for studying life-cycle inheri-
tance. In this context, an object life cycle is a closed term in the algebra. Analogous to
Definition 4.3, we defined four forms of inheritance. For example, for any two object life
cycles p and q , p≤pt q if and only if ∂H (p) = q is derivable from the algebraic axioms.

We also presented a number of rules illustrating under what conditions inheritance
is preserved. These rules form the basis for the transformation rules in this paper. Let L ,
Ls, and α be defined analogously to the definitions in this paper. Let p, q, q0, q1, and r be



closed terms and a and b actions in Ls such that α(r) ⊆ L \ (α(q)∪α(q0)∪α(q1)∪{a})
and b ∈ L \ (α(q) ∪ {a}). Under these conditions the following axioms apply.

q + b · p ≤pt q PT
q · r ≤pj q PJ1
a · (r · (q0 + q1)+ q0) ≤pj a · (q0 + q1) PJ2
a · (q ‖ r) ≤pj a · q PJ3
a · ((b · r) · q + q) ≤pp a · q PP

Axiom PT corresponds to Theorem 5.1. Method b functions as a guard. By blocking the
guard, the environment is forced to follow the original life cycle q . Rules PJ1 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
shows that putting behavior in parallel with the original life cycle also yields a subclass
under projection inheritance. Rule PP shows that under protocol/projection inheritance
it is allowed to postpone behavior. In the remainder of this section, we formulate trans-
formation rules on Petri nets corresponding to PJ3, PJ1, and PP. Although it is possible
to define a transformation rule corresponding to PJ2, we will not do so, because the du-
plication of q0 is not very meaningful in the context of Petri nets. 2(Intermezzo)

The second transformation rule on Petri nets corresponds to rule PJ3 and is illustrated in
Figure 6. Extending a life cycle (Nq , [i]) with a Petri net Nr such that (1) no places are
shared among both nets, (2) all new transitions have a label not in α(Nq), (3) the tran-
sitions in Nq consuming tokens from Nr obey the free-choice property ([7]) and (4) the
result is still a life cycle, yields a subclass under projection inheritance. Hence, we can
add parts to the life cycle which are executed in parallel with the original life cycle while
preserving projection inheritance. The third requirement is useful in the proof of the fol-
lowing theorem. Although it is sufficient, it might be possible to relax this requirement.
It is interesting to find out from practical examples whether this would be useful.
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Fig. 6. Projection-inheritance-preserving transformation rule.

Theorem 5.3. (Projection-inheritance-preserving transformation rule) Let Nq =
(Pq , Tq , Fq, `q) and Nr = (Pr , Tr , Fr , `r ) be two Petri nets with for any t ∈ Tq ∩ Tr ,
`q(t) = `r (t). Let (N , [i]) = (Nq ∪ Nr , [i]) and (N ′, [i]) = (Nq , [i]) be object life
cycles. If the following additional properties are satisfied, namely



i) Pq ∩ Pr = ø,
ii) (∀ t : t ∈ Tr \ Tq : `(t) 6∈ α(Nq)),

iii) (∀ p, t : p ∈ Pr ∧ t ∈ Tq ∩ p• : (∀t ′ : t ′ ∈ Tq : •t ∩ •t ′ 6= ø⇒ •t = •t ′)),
then (N , [i]) ≤pj (N ′, [i]).

Proof. We have to prove that τI (N , [i])∼b(N ′, [i])with I = α(Nr)\α(Nq). LetR be the
relation {(τI (N , u), (N ′, v)) | u |̀Pq = v∧τI (N , [i])[∗〉τI (N , u)∧(N ′, [i])[∗〉(N ′, v)}.
To prove thatR is a branching bisimulation between τI (N , [i]) and (N ′, [i]), we show
that it satisfies the requirements of Definition 2.6. Let u be a state of N and v a state of
N ′ such that τI (N , u)R(N ′, v).

i) Let u′ be such that τI (N , u) [α〉τI (N , u′). We must check that there is a state v′ of
N ′ such that τI (N , u′)R(N ′, v′) and (N ′, v)[(α)〉(N ′, v′). If τI (N , u)[α〉τI (N , u′)
corresponds to firing a transition in Tr \ Tq , then α = τ and v′ = v. Otherwise,
there is a transition in Tq labeled α such that (N ′, v) [α〉 (N ′, u′ |̀ Pq).

ii) Let v′ be such that (N ′, v) [α〉 (N ′, v′). It must be shown that there are states
u′, u′′ such that τI (N , u) [ 〉〉 τI (N , u′′) [(α)〉 τI (N , u′), τI (N , u′′)R(N ′, v), and
τI (N , u′)R(N ′, v′). Let t be a transition in Tq such that (N ′, v) [`(t)〉 (N ′, v′). If t
is enabled in τI (N , u), then it is easy to verify that u′, u′′ as above exist. Assume
t is not enabled in τI (N , u). We have to prove that t can be enabled without firing
transitions in Nq . It follows from the assumptions that •t ∩ Pr 6= ø and one of the
places in •t ∩ Pr is empty. Assume that t will never be able to fire in τI (N , u). One
of the input places of t in Pq contains a token (t is enabled in (N ′, v) and u |̀Pq = v)
and because of the third requirement above all other transitions in Tq consuming
from this place will never be able to fire. However, this means that τI (N , u) is
not a life cycle because it cannot terminate properly. Hence, it must be possible to
enable t in τI (N , u) without firing transitions in Nq . It is now straightforward to
verify that there must be states u′, u′′ such that τI (N , u)[ 〉〉τI (N , u′′)[α〉τI (N , u′),
τI (N , u′′)R(N ′, v), and τI (N , u′)R(N ′, v′).

iii) Remains to prove that τI (N , u) [ 〉〉 τI (N , 0) ⇔ (N ′, v) [ 〉〉 (N ′, 0). The only
way to reach a state with no tokens in a marked Petri net satisfying Definition 3.1
is by firing a 4-labeled transition. Hence τI (N , u) [ 〉〉 τI (N , 0) ⇔ u = 0 and
(N ′, v) [ 〉〉 (N ′, 0) ⇔ v = 0. If u = 0, then v = u |̀ Pq = 0. If v = 0, then
u |̀ Pq = 0. Since (N , [i]) satisfies Definition 3.1, it is not possible that u |̀ Pq = 0
and u 6= 0. Hence, u = 0⇔ v = 0.

2

The transformation rule of Theorem 5.3 can be used to show that (N2, [i]) in Figure 4
is a subclass of (N0, [i]).

There are many other transformation rules which preserve some kind of inheritance.
Figure 7 shows a transformation rule inspired by the algebraic axiom PJ1. It shows that
new behavior may be inserted between parts of a life cycle that 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 boils down 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∗ eventually indeed appears in p∗ by firing only transitions of Nr .
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Fig. 7. Another projection-inheritance-preserving transformation rule.

Theorem 5.4. (Another projection-inheritance-preserving transformation rule)
Let Nq = (Pq , Tq , Fq, `q) and Nr = (Pr , Tr , Fr , `r ) be two Petri nets such that:

i) Pq ∩ Pr = {p∗}, Tq ∩ Tr = {t∗}, (t∗, p∗) ∈ Fq and `q(t∗) = `r (t∗) for some place
p∗ and transition t∗,

ii) (∀ t : t ∈ Tr : t 6= t∗ ⇒ `(t) 6∈ α(Nq)),
iii) N ′r = (Pr , Tr , F ′r , `r ) with F ′r = Fr ∪ {(p∗, t∗)} is a free-choice Petri net and

(N ′r , [p∗]) is live and bounded.

Let N ′q = (Pq , Tq , F ′q, `q) with F ′q = Fq \ {(t∗, p∗)}. If (N , [i]) = (N ′q ∪ Nr , [i]) and
(N ′, [i]) = (Nq , [i]) are object life cycles, then (N , [i]) ≤pj (N ′, [i]).

Proof. (sketch) We have to prove that τI (N , [i])∼b (N ′, [i])with I = α(Nr )\α(Nq ). Let
R be the relation {(τI (N , u), (N ′, v)) | τI (N , [i]) [∗〉 τI (N , u)∧ (N ′, [i]) [∗〉 (N ′, v)∧
u |̀ (Pq \ {p∗}) = v |̀ (Pq \ {p∗})∧ v |̀ {p∗} is a home-marking of (N ′r , u |̀ Pr )}. Using the
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 possible to
show thatR satisfies the three requirements stated in Definition 2.6. 2

Example 5.5. Figure 8 illustrates the three transformation rules presented thus far. The
first transformation rule can be used to prove that (N1, [i]) ≤pt (N0, [i]). The second
rule proves that (N2, [i])≤pj (N1, [i]). Applying the third transformation rule shows that
(N3, [i])≤pj(N2, [i]). The three transformation rules also preserve life-cycle inheritance.
Since ≤lc is transitive, we deduce that (N3, [i]) ≤lc (N0, [i]).

Finally, we present a transformation rule which preserves protocol and projection inher-
itance. This transformation rule corresponds to the algebraic rule PP and is illustrated
in Figure 9. It shows that under protocol/projection inheritance, it is allowed to post-
pone behavior. When a token appears in place p∗, it is possible to iterate the behavior of
Nr 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 previous transformation rule. It guarantees that eventually all tokens consumed from
place p∗ by transitions of Nr are returned.

Theorem 5.6. (Protocol/projection-inheritance-preserving transformation rule)
Let Nq = (Pq , Tq , Fq, `q) and Nr = (Pr , Tr , Fr , `r ) be two Petri nets such that:
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Fig. 8. The application of the three transformation rules leads from (N0, [i]) to (N3, [i]) while
preserving life-cycle inheritance.
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Fig. 9. A protocol/projection-inheritance-preserving transformation rule.

i) Tq ∩ Tr = ø and there is a place p∗ such that Pq ∩ Pr = {p∗},
ii) α(Nr ) ∩ α(Nq) = ø,

iii) Nr = (Pr , Tr , Fr , `r ) is a free-choice Petri net and (Nr , [p∗]) is live and bounded.

If (N , [i]) = (Nq ∪ Nr , [i]) and (N ′, [i]) = (Nq , [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
is preserved. It remains to prove that τI (N , [i]) ∼b (N ′, [i]) with I = α(Nr ). Let R be
the relation {(τI (N , u), (N ′, v)) | τI (N , [i]) [∗〉 τI (N , u) ∧ (N ′, [i]) [∗〉 (N ′, v) ∧ u |̀
(Pq \ {p∗}) = v |̀ (Pq \ {p∗}) ∧ v |̀ {p∗} is a home-marking of (Nr , u |̀ Pr )}. As in The-
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 thatR satisfies the three requirements stated in Definition 2.6. 2



The four transformation rules presented in this section give a good characterization of the
various forms of inheritance. In contrast to [5], we did not provide rules for the preserva-
tion of life-cycle inheritance, because these rules are combinations of the rules for pro-
tocol and projection inheritance (See Example 5.5). The fact that the rules in [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 Workflow Management

Workflow management. To date, over 250 workflow management tools are commer-
cially available. These tools will have a tremendous impact on the way information sys-
tems are being developed. By using a Workflow Management System (WFMS), one is
able to develop information systems which can easily be adapted to a changing environ-
ment ([13]). Traditionally, an information system is a collection of applications centered
around a database system. This means that the business processes supported by the in-
formation system are hard-coded in the applications. As a result, the applications need 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,
one is 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 WFMS, one can support new and/or modified processes. Processes supported
by a WFMS are case based, i.e., the primary objective is to 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 selective routing are the basic ingredients of
a process definition. There are two types of tasks; (1) tasks which require a trigger and
(2) task which do not require a trigger. Tasks which do not require a trigger correspond
to fully automatic tasks which are to be executed as soon as possible. The other tasks
require a trigger before execution. Examples of triggers are: documents, electronic mes-
sages, time triggers and user triggers. Interactive tasks require a user trigger; the WFMS
cannot force a user to execute a task.

As we will see, a workflow process definitioncorresponds to an object life cycle. 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 a task requires a trigger, it cor-
responds to an external method. Given the similarities between workflow process defi-
nitions and object life cycles, it is interesting 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 WFMS supports changes to the underlying business process. However, in many



situations it 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
form of inheritance. There are several reasons for the application of inheritance concepts
in a workflow management context.

– If a process definition is replaced by a new one, it is important 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, this is possible 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 the local process definitions is a subclass of some
common superclass process definition, then the superclass may provide handles
to manage, share and exchange cases.

– The user of the WFMS is familiar with the existing processes. If a process is re-
placed by a new one, it is important 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 things the old way.

Note that a process can be modified for a single case (ad-hoc workflow) or an entire class
of cases (production workflow).
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Fig. 10. The life cycle of a complaint.

An example. To illustrate the use of life-cycle inheritance in the context of workflow
management, we consider the complaints desk of a fictitious Company X. The com-
plaints desk handles complaints of customers about the products produced by Company
X. Each complaint is registered before it is classified. Depending on the classification of
the complaint, a letter 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 this inquiry, the necessary actions are taken. Finally, the dossier is filed.
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 life cycle.
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Fig. 11. The extended life cycle of a complaint.

The management of Company X is not satisfied with the processing of complaints.
Therefore, the WFMS has to be reconfigured to support an extended complaint handling
process. The process definition shown in Figure 11 is used to reconfigure the WFMS.
Since the new process should inherit some of the properties of the old process, it is inter-
esting to establish a life-cycle-inheritance relationship 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 done in parallel. We can use Theorem 5.3 to show that the addition of
the contact management task preserves projection inheritance. Another addition is that
in the new process, after sending a letter to the complainant a new task is performed,
namely inform management. Theorem 5.4 can be applied to prove that the additionof in-
form management also preserves projection inheritance. At any time during the process-
ing of a complaint, the complainant may request information about the processing of the
corresponding complaint. Therefore, the transition inform customer has been added. By
applying Theorem 5.6, it is not difficult to see that the addition of this task preserves pro-
tocol and projection inheritance. Since each of the extensions preserves protocol and/or
projection inheritance, the process definition shown in Figure 11 is a subclass 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-cycle inheritance has been pre-
sented. The framework is based on Petri nets and, therefore, close to the professional
experience of system developers 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-
heritance relations at design time. It has been shown that in principle all four inheritance
relations can be checked automatically.

Furthermore, a number of powerful inheritance-preserving transformation rules have
been presented. These transformation rules show how an object life cycle may be ex-
tended while preserving certain dynamical properties. They capture four 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, this is an important reason why we believe that encapsulation
and abstraction capture the essence of inheritance of dynamic behavior. The transforma-
tion rules make it possible to create subclasses of some given class in a constructive way
at design time, making static analysis of subclass relations unnecessary. In this way, 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 sim-
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 incorporate the results
either in a full 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 results in the
context of workflow management.

Acknowledgements. The authors would like to thank Marc Voorhoeve and the anony-
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