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Abstract. The concept of mobile agents imposes a great security risk
for information systems. In this paper we propose object nets as a spec-
ification formalism for multi-agent systems. Since the general formalism
is Turing-powerful not every analysis method that is common for Petri
net can be applied. So, we define the subclass of “ordinary” object nets
that allows for the application of standard P/T-net techniques, i.e. the
computation of boundedness, liveness etc.

1 Introduction

Object Petri nets following the nets-within-nets paradigm are a very powerful
formalism to describe dynamic multi-levelled systems, e.g. mobile agent systems.
It is well known that severe security problems arise in the context of mobile
agents (cf. [B]). So, the use of formal methods to overcome security problems
is necessary. In [I0] the authors showed how the formalism of nets-within-nets
can be used to model mobility, especially in the case of mobile agents. Mobile
agents are developed using our architecture MULAN [9]. The MULAN-framework
offers intuitive modelling even of large agent systems What was missing is
the possibility to profit from analysing tools. This paper undertakes an attempt
to build a conceptual background for the transformation of object net systems
to P/T-nets. Several requirements have to be met for this transformation to
succeed. These requirements are the subject of the following sections.

The need for analysis of object nets is paired with the choice of the firing rule
for object nets: There exist two fundamental semantics (i.e. firing rules) for object
nets introduced in [20], called reference and value semantics. The difference of
reference and value semantics is the concept of “location” for net-tokens which
is explicit for value but not for reference semantics, since it is unclear which
reference can be considered as the location of a net-token.

As shown in [I0] the concept of mobility cannot be expressed adequately by ref-
erence semantics due to the possibility of side-effects. Instead value semantics has
to be applied. As shown in [12] the concept of locality makes value semantics richer

1 Student projects created agent systems containing more than 200 different reference
nets resulting in tens of thousands of net instances at run-time.
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than reference semantics — for example the reachablity problem becomes undecid-
able while boundedness remains decidable. However, the reference semantics can
be simulated by a (larger) P/T net, so analysis methods can be applied directly.

Value semantics is adequate from a modelling point of view while reference
semantics is adequate from an analytical point of view. In this paper we focus on
a restricted class of object nets, the so called ordinary object nets. For this class
of object nets it can be shown, that value semantics is as expressible as reference
semantics. This is shown by providing a direct embedding and simulation of one
semantics using the other one.

In this paper we study semantical aspects of the nets-within-nets paradigmg
The paradigm that allows nets as tokens was introduced by Riidiger Valk in [19]
and extended to the formalism of elementary object net systems in [20,2T] which
allows to model a two-levelled system. The formalism has been extended in [11112]
to an arbitrary nesting structure. A similar approach which allows nested Petri net
structures is presented in [15]. For Hypernets [I] net-tokens are restricted to syn-
chronisations of state machines. Reference nets [I3] are a specialised nets-within-
nets formalism based on reference semantics. Due to the nested structure of object
nets the formalism is closely related to mobility calculi like the ambient calculus
[4] or to formalism combining mobility calculi and Petri nets like [3].

The paper is structured as follows: Section [2 gives the formal definition of
object-net systems. Firing is defined both for value and for reference semantics.
Section Bl analyses located markings, i.e. markings that describe a unique relation
of tokens and their locations: for each net-token there exists exactly one place
containing it. Section [ defines the subclass of ordinary object-net systems. It
is shown that for this class of object nets all reachable markings are located.
Using this result it is shown that reference and value semantics can simulate
each other directly. In Section ] we analyse the processes of ordinary object-net
systems. It turns out that the firing relation, the mapping from a process to
the original object net and the mappings from reference and value semantics are
compatible with each other which results in a three-dimensional cube structure
of embeddings. After having cleared the conceptual background we present a
case study in Section [0 and present some analysis results. Finally, we give an
outlook and conclusion.

2 Object-Net Systems

We define a generalised model of object-net systems, which drops the restriction
of [20] to exactly two levels of nesting: Object-Net Systems (Os) are defined
to give a precise definition of nets-within-nets using nested multi-set rewriting
specifications.

2 As [I8] mentioned in the outlook it is a quite natural extension of algebraic Petri
nets [16] to allow tokens to be active which is impossible for algebraic Petri nets. The
canonic way for this extension is to consider nets as active tokens. These tokens are
called net-tokens.
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2.1 Informal Introduction to Object Nets

There exist two fundamental semantics for object nets introduced in [20], called
reference and value semantics. The intuitive meaning of both semantics can be
explained using the example Os given in Fig. [l The example is known as the
“a-centauri” example. The name is due to the interpretation that the net token
describes a log which is copied and one copy remains on earth while the other one
is sent to a-centauri. It then seems somehow counter-intuitive that for reference
semantics the state change on a-centauri (the upper branch of the system net)
becomes visible immediately on earth (the lower branch).

The arrow from the token on place s; expresses that the inner structure of the
token is itself a net. The different levels in the object-net system are connected by
channels. Transitions inscribed by corresponding channel expressions like on:ch()
and :ch() must be fired synchronously. If there is more than one possible partner
the choice is non-deterministic. In the Figure each transition pair (t2,%11) and
(t3,t12) must fire synchronously.

For reference semantics (cf. Fig. 2)) the place s; initially contains a reference
to the object-net: M = s; + s11. Firing of ¢; duplicates this reference onto so
and sz resulting in M; = s5 + s3 + s11. This marking enables the transition pair
(ta,t11) but not (t3,t12). The resulting marking is My = s4 + s3 + s12. Since the
effect in the object-net is visible in the whole system, the pair (¢3,t12) is now
enabled. Firing leads to M3 = s4 + s5 + S13.

s11 s12 si13
0 th O 12
chi() :ch2()

Fig. 2. Firing of transition ¢; w.r.t. reference semantics
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:ch1() :ch2()

[ s11 s12 —»63

Fig. 3. Firing of transition ¢; w.r.t. value semantics

For value semantics (cf. Fig. B) we have the nested multiset M = s1[s11]
as the initial marking which corresponds to the initial marking s; 4+ s11 w.r.t.
reference semantics. Firing of ¢; distributes the marking of the net-token. A
possible distribution is the marking M; = sa[s11] + s3[0] (where 0 denotes
the empty multiset) — corresponding to ss + s3 + s11 for reference semantics.
This marking enables the transition pair (¢2,¢11) but not the pair (¢3,t12). The
resulting marking is Ma = s4[s12] + s3[0]. Since the effect in the object net is
only local the pair (¢3,t12) is not enabled. So w = t1 (2, t11)(t3, t12) is a possible
firing sequence for reference but not for value semantics.

2.2 Petri Net Notations

A P/T net structure is a tuple N = (P, T, W), such that: P is a finite set of places,
T is a finite set of transitions, with PNT =0, and W : (PxT)U(T x P)) = N
is the arc-weight function. A marked P/T-net N = (P,T,W, M) is an P/T net
structure (P,T,W) together with an initial marking My € MS(P). The term
P/T net is used both for the unmarked and the marked case. The flow relation
is F':= {(z,y) | W(z,y) > 0}. Given a net P(N) denotes its places, T'(NN) its
transitions etc. N is called ordinary iff W(x,y) < 1 for all (x,y). For an ordinary
P/T net the mapping W coincides with the characteristic function of the flow
relation xp : (P x T)U (T x P)) — {0,1}. In the case of ordinary nets the
relation F' is also used to denote the arc weight W and vice versa.

A transition t € T of a P/T net N = (P,T,W,My) is enabled in marking
M iff Vp € P : M(p) > W (p,t) holds. The successor marking when firing ¢ is
M'(p) = M(p)—W (p,t)+ W (t, p). The enablement of ¢ in marking M is denoted
by M 5. Firing of ¢ is denoted by M 5 M'.

A P/T net is equivalently characterised as N = (P, T, pre, post, M) where
the multi-set mappings pre,post : T — MS(P) are pre(t)(p) := W(p,t) and
post(t)(p) := W (t,p). For notations cf. the appendix.
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2.3 Nets as Tokens

An Object-Net System (Os) 0S = (N, d,0,My) consists of a finite set N of
pairwise disjoint P/T nets which includes the black token net N, and the system-
net N,,. The black token net N, is defined as the object-net with no places and
no transitions: P(N,) = T'(N,) = ). Let P(OS) be the union of all components:
P(0S) := Unen P(N). Analogously for T'(0S), F(OS), and W(OS).

Markings are nested multi-sets. Tokens are described as pairs of the marked
place p and the marking of M its net-token which is denoted as p[M] to em-
phasize the nesting. The place typing d : P(0OS) — N is used to define which
net-tokens are allowed on a place. A black token is the special net-token p[0]
which can be identified with p. The basic tokens are black tokens, higher-order
tokens are generated using net-tokens.

Po(N) = {p | p € P(N) A d(p) = N} )
Puin(N) 1= {pIM] | p € P(N) A M € MS(P,(d(p))}

Define P(N) := ;= Pn(N). Each mapping f defined on P can be extended
to a mapping f* on nested markings P by setting f*(p[M]) = f(p)[f*(M)]. In
the following f* is also denoted as f.

A transition ¢t € T(0S) may be synchronised with transitions of the net-
tokens. The resulting synchronisations are nested transitions, i.e. treesf]

To(N) = {id} @
Tia(N) = {t[0n, .-, 0n,] | t € T(N) A Oy, € Ui T;(Ni)}

Analogously to markings we identify the minimal synchronisation tree t[id] :=
tlid, ..., id] with the transition ¢ itself. Here id is a “pseudo” transition with
pre(id) = post(id) = 0 (see below). So, every node in the tree has the same
degree of branching.

Define T(N) := ;2o Tn(N) and T(0S) := T(N) := Uyen T(N). A syn-
chronisation structure ©(0S) consits of a finite subset of 7 (N).

The nesting structure of markings is removed by fl : M,, — M, with M,. :=
MS(P(0S)) where fl(p[M])) := p + i(M).

The nesting structure of synchronisations is removed by fl : 7(0S) — T(0S)
where fi(t[01,...,0,]) :=t +f(61) +--- + fi(6,,) and fl(id) = 0.

Let © C T(N) be a set of synchronisations. To avoid cycles the set of synchro-
nisations has to contain each transitions eaxactly once: (@) = T(0S) (Note,
that minimal synchronisation trees ¢[id] are allowed).

A marking is a multi-set of system-net tokens: M € M,, := MS(P(Nsy)).

Definition 1. An Object-Net System is the tuple OS = (N, d, ©, M), where

— N = {N1,...N,} is a set of pairwise disjoint P/T-nets N; = (P;, T;, W;)
including the black token net No and the system-net Ngy.
— d: P — N is the place typing.

3 In the graphical representation these trees are formalised by channel inscriptions.
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— © CT(N) is a finite set of synchronisations with 1(©) = T(0S).
— The initial marking is Mo € MS(P(Nsy)).

We generalise the notion of pre- and post-set for object nets by defining

Wt :=*tNd ' (N)={pec°t|dp) =N}
t =t*Nd Y (N) = {pet®|dp) =N}

Definition 2. For the synchronisation tree t[@] € © where 8 = (On,,...,0N,)
the firing rule is generated inductively from the firing rule of the subtrees Oy

(where the multi-set variables X, 1, X}, ,; describe the tokens that are trans-

ported and Yy, 1i, Y, ; describe the tokens that are used for synchronisation):

W (p,t) W (t,p)
Z Z p[ ptl+Y[)t’L]—> Z Z p[ ptj+thj]

pe*t i=1 pEt* j=1

. W (p, w(t,
YN €N 3 ey Zz:gp Y Xpti = Dpetn D= (f "X Xt
Wip
A Zpeum Zz 1 2 Ypii= pre(fy)
Wi(t,
A Y per TP YY = post(Oy)

For the minimal synchronisations t[id] this implies Yy, =Y, , ;= 0.

The marking M can be fired by 6 € © to M iff pre(d) is a subterm of M and
M’ is obtained from M by substituting pre(6) with post(). Firing is denoted
by M S

This firing relation formalises value semantics. For reference semantics the
“flat” version of OS is needed (for more details cf. [12]).

Definition 3. The underlying P/T net of OS = (N,d,0,My) is defined as:
fi(08) := (P(0S), 0, pre® post!, i(My))
where pre () := pre(fi(d)) and post?(h) := post(fi(6)).
Reference semantics is obtained by forgetting the nesting structure:

Theorem 1. For an Os OS the mapping fl provides a direct embedding of the
value semantics, i.e. every firing w.r.t. value semantics is possible w.r.t. reference
semantics:

M, —— M,
oS

ﬂl lﬂ
0

A(M,) —— (M

(M) o5 A0V

Proof. Since prefl(f) := pre(fl(§)) and post® () := post(fi(d)) it is sufficient
to show fl(pre(d)) = pre® () and fl(post(#)) = post(fi(#)). This is shown by
induction over the synchronisation tree.
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— For the minimal synchronisation tree we have (since 2 Xpti= Z. (Xpe5)):
pe*t pet

fi(pre(t[id])) = A cep S p[Xpe.i])
thzwwmﬂuxmm
=3 et P p L (X, 10) = pre(fi(t]id]))

post(t[id]) = Zpet-Zj:{ 'p+AX,, )

) A(pIX, )
<zmrz WP pIx! 1) = fi(post(t))

— By assumption we have fi(3_ v, sz(l ) Y, i) = pre(fl(fn)) and also
A0 et Zw(t P)) Y, ;) = post(fl(fx)). Induction on 0 = ¢[0]:

fi(pre(t[6))) = (quzmm»[pm+Ym&
=3 et TP APIX i+ Yri])
= e D pH AKXy ) + A(Y )

=3 et P pp B(Xpri) + 3 e Pre(f(On))
= pre(fl(t[)))

fi(post(t[0])) = e S0P p+ (XL, ) + X wen Post(fl(On))
=Y pere TP p+ XL, ) +A(Y), )
=3 e TP ApIX, YL )
= A0 S DX V)
= fi(post(t[]))

This proves the embedding. a

The converse (every firing w.r.t. reference semantics is possible w.r.t. value
semantics) of Theorem [Il however, does not hold in the general case as seen for
the a-centauri example.

3 Located Markings

In the following we consider markings where the localisation of tokens coincide
with the type structure induced by the mapping d.

Definition 4. A marking M, € M,. is located iff for each net N there exists
exactly one place containing N and no place contains the net Ngy:

YN € N\ {Non, No} 1 31wy IM (p)| =
M, (p)| =

pEA=1(Nsn)

A marking M, € M,, is located iff f1(M,,) is located.
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Therefore for all N € N '\ {Ny,, No} the uniquely defined place for which
IM(p)| = 1 holds is denoted by p(N).

Note, that if M, is located, then there cannot be any recursive nesting, since
otherwise there is more than one place containing a net token of type N. Thus,
the location of each token is uniquely determined.

Definition 5. The localisation le(M) is defined recursively starting with the
system net: lc(M) := lear (M p(n,,.)) where

. p[ch(Mlp(Nd(p)))]’ if d(p) # Ne
e (p) = { D, otherwise

For events t € T we define lc(t) = t.

Theorem 2. For located markings the mapping lc is inverse to fl.

1. If M. € M,. is located, then we have fi(1c(M,.)) = M,.
2. If M, € M, is located, then we have lc(fl(M,)) = M,,.

Proof. 1. Let M,. € M,.. Define the relation Ryg, € (M \ {No})? by
(N1,N2) € Rm, <= 3p1 € M :py € P(N1) Ad(p1) = No

If M, is located, then the place p; such that d(p;) = Ny with Ny €
N\ {Nsp, No} is uniquely defined, i.e. it is p1 = p(Na). So, it follows
that Ry, describes a tree with the system net Ny, as the root node (since

Zpedfl(Nsn) IM..(p)| = 0).

It is easy to see from the definition of lc that the marking is nested along
the relation Ry, i.e. all markings of the nets N’ € (N Ry,.-) on paths from
the root of the tree are located by lea (Mp(n)):

AlenMipn)) = > Mpav
N’€(N Rp,..)

For the whole marking it follows that:

fi(le(M)) = lenr (M p(w,,.))

- (ZN'G(NM Faa, ) MIP(N')>
=Mp.,) + Mipvgy + -+ Mp,)
=M

Note, that Mp(y,) = 0 since P(N,) = ().
2. Let M, € M,.. Define the relation Ry, € (N \ {No})? by

(N1,N3) € Ry, <= T subterm (p1,Mj) of M, : p1 € P(N1)Ad(p1) = N2

it is easy to see, that if M, is located, then the relations Rng, and Ry, are
equal, so lc just reconstructs M, i.e. Ic(fl(M,)) = M,,.
O
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4 Ordinary Object-Net Systems

As we have seen for the a-centauri example, the converse of Theorem [I] does not
hold in general. It will be shown, that for the case of so called ordinary ONS the
opposite direction can also be proved.

Definition 6. Let OS be an OS. A transitions t is simple iff
VN e N\ {N,} : |™t|=t™] <1

OS is ordinary iff all its object nets are ordinary, all transitions are simple and
the initial marking Mg is located.

Consider t[0] € O. For ordinary Os all arc weights W (z,y) = 1 iff (z,y) € F.
Additionally, if |<N>t| > 0 there is exactly one place py € *t such that d(p) = N
and one place py € t* such that d(p’) = N. So, the variable X,, ; can be denoted
as Xg(p) (and similar for Xj  etc.). Due to this one-to-one correspondence the
representation can be simplified further:

— Value semantics: For the synchronisation tree t[0] € 7,,4+1(0S) the firing rule
is generated from the firing rule of the Oy:

Z P[Xd(p) + pre(fy)] -, > pIXG,) + post(dn)]

pete

For a minimal synchronisation tree this further simplifies to:
t[id] ,
> pXap)] — X p[Xd(p)]
pe't Zlet'

— Reference semantics: For the synchronisation tree ¢[0] € 7,41 (0S):

S p+ pre(®(fap)) —s S p+ post(fi(fa)))

pe*t pEte

For the minimal synchronisation tree this simplifies to:

2P >p

pe*t pet®

fi(t[id])
—_—

Theorem 3. If OS is an ordinary Os, then all reachable markings are located
and all places p with d(p) # No are 1-safe.

Proof. The initial marking is located by definition. If M,. SN M. then there
is exactly one location for N (since >° c1(n) IMr(p)| = 1 for all N € N\
{Nsn, Ne}), which is either untouched or relocated, since all ¢ are simple.

If M, is located, then all places p with d(p) # N, are marked with at most
one net-token. Since every reachable marking of a simple Os is located these
places are 1-safe. O



318 M. Kohler and H. Rolke
Using Theorem Bl we know that all reachable markings are located, we can
conclude from Theorem

YM, € R(i(0S)) : A(lc(M,)) = M
YM, € R(0S): le(i(M M

S

<

Theorem 4. For ordinary Os OS the mapping lc provides a direct embedding
of the reference semantics. If M, is located, then:

ol i

0
lc(M, le(M
(M) “os (M)
Proof. Induction over the synchronisation tree ¢[6)].

— If M, i, M;. then by monotonicity we can add fi(Xg,)) with Xy, =

le(My p(a(p)))-
t[id)

pE®t peE*t

Since Y cer Xap) = D pere Xy =: X the basic tree is:

= lc(prefl(t + ida(x)))
= IC(ZpGOtp + ﬂ(Xd(p)))

= Zpew p[Xd(p)])
t[id)

= Lpers PXGp)
= IC(ZpEt' p+ ﬂ(ij(p)))
= le(post™(t + idy(x)))

— Induction: We add fI(Y g(p)) with Y4,y = pre(fn) and fl(X g, ) with X,y =
IC(M”P(d(p))) — Yd(p)- Note, that 1C(M7-‘P(d(p))) > Yd(p) since Gd(p) is acti-
vated. Let Y/, = post(fy).

By assumption pre(fy) O, post(Oy):

= ]c(preﬂ(t[QNl, N idﬂ(x)))
=1e(Xpeer P+ (X)) + 1(Yap)))

o > opeet PRXap) + Yap))
t[6
T Zupete p[X,d(p) T Y;l(p)]

= IC(Zpet. p+ ﬂ(X;(p)) + ﬂ(Y&(p))
= lc(postﬂ(t[GNl, ceey QNH] + idﬂ(x)))

This shows the property. a
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M, 5, M, — M.
os f1(0S)
fi(M.) -ﬁ<—f); fi(M,) 1c(M.,) % le(M,)
le(A(M.)) —2— le(fi(M,)) = M, fi(lc(M.,.)) TZ; fi(le(M;)) = M,

Fig. 4. Embeddings extended to an Simulation

Theorem 5. If OS is a ordinary OS, then reference and value semantics can
simulate each other directly.

Proof. Composition of the two diagrams in Theorem [I] and [ is shown in Fig. [l
Both diagrams can be further reduced to the following two simulations:

M, —— le(fi(M})) = M, M, —— file(M})) = M,
os f(0S9)
ﬂl Tlc ICJ Tﬂ
0
(M, (M’ 0 ’
(M) o) (M) le(M,) —— le(M.)
So, the embeddings in Theorem [I and [ also imply a direct simulation. a

5 Processes of Ordinary Object-Net Systems

In [8] we have given a characterisation of those processes of the reference
semantics that can be simulated by the value semantics for the general case.
For ordinary object-net systems we know due to Theorem [ that there is a
one-to-one correspondence of reference and value semantics. In the following
we will show that this correspondence carries over for processes.

5.1 Basic Definitions

Petri net processes (cf. [6l2]) describe the behaviour of Petri nets. Processes
are themselves Petri nets from the class of causal nets, where no branching is
allowed for the places. A run of a net NV is defined as a causal net R with a pair
of mappings ¢ = (¢ : B — P,¢T : E — T). Extending ¢ and ¢7 to multi-
sets, the run is associated to the net, by requiring the commutativity expressed
by: ¢F(%e) = pre(ng(eé) and ¢F(e*) = post(¢T (e)). That is, ¢ preserves the
localities of transitions

4 Alternatively, a process (R, ¢) can be constructed from the possible firings, i.e. the
enabling of transitions, of the net N by adding transitions according to the enabling
condition of the net N. The starting point is given by the initial marking.
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Definition 7. Let N = (P,T,W, M) be a P/T net and R = (B, E, <) a causal
net. Furthermore let ¢ = (¢ : B — P,¢T : E — T) be a pair of mappings.
Then (R, ) is a process of N if the following conditions hold:

1. Preservation of the flow relation: © <y = ¢(x) F ¢(y).
2. Representation of the initial marking Mgy by °R: T (°R) = M.
3. Compatibility of ¢ with the arc-weight function:
67 (*¢) = pre(s” (¢)) and 6P (e*) = post(@” (c)).
4. Representability of R as the limit of finite processes.

For a run (R, ¢) of a Petri net N the symmetric and reflexive relations li
and co are defined by 1i := (< U <! Uida) and co := (li U id4). A ken
with respect to li is often called a line, while a ken with respect to co is called
a cut. If C' € KEN(<) and C' C P then C is called a P-cut of R.

5.2  Processes of Ordinary Object Nets

The definition of of an object net process is based on the net fI(OS) defined in
Def. 3

Definition 8. Let 0S = (N,d,©,My) be an OS. The pair (R, ) is a process
of OS iff it is a process of 1(OS).

Define the set of elements of a P-cut C belonging to a net type N:
By(C):=Cne¢ (d7'(N) = {be C|d(6(b) = N}
Analogously to Theorem [3] we obtain that all reachable P-cuts are located:

Lemma 1. Let (R, ) be a process of an ordinary Os OS. For each P-cuts C
of R there is exactly one element b € C' carrying a net-token of type N.

VYN e N :|By(C)] =1
The uniquely defined element of By (C) is denoted by b(N).

Similarly to Def. [}l we define a localisation of P-cuts resulting in a nested
structure. The restructuring also extends to events, where each e is mapped to
an nested event e'[e] where € is a nested structure of events which mimics the
structure of ¢(e) = t[0)].

Definition 9. For a P-cut C of a process R, we define the localisation lc(C) of
C aslc(C) :=1ce(Bn,, (C)) where

leg (b) = {b[lc(Bd(as(b))(C))L if d(p(b)) # No

b, otherwise
For events e € E we define lc(e) := fe(¢(e)) where

fe(t[6]) = €'[f(0)]
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The process mapping is extended to nested sets by defining ¢(b[X]) :=
d(b)[@(X)]. Then the localisation commutes with the process map ¢.

Theorem 6. Let (R, ¢) be a process of of an ordinary Os OS. The process map
¢ commutes with lc. For each P-cut C' of R we have:

¢(lec(C)) =legc) (6(C))
Proof. Induction base for N,:
¢(lec(Bn, (C)) = ¢(Bn, (C)) = legc) (¢(Bn, (C))

Induction step:

6lcc(B)) = 9 Cyen(,lec(Bawn (€))))

=D e ?(0)[P(lcc (Bapm) (C))]
ZbGB o(b)[leg (o) (¢(Bd(¢(b))(c )]
5 ¢D)[legoy (H(C N~ (d™H(N)))]
beB ¢(b) [leg(oy (¢(C) N d~' (N)]
ZbeB P (0)[legoy (#(C)p))]
= leg(c) (4(B))
This proves the commutativity. a

Theorem 7. Let (R,$) a process of an ordinary Os OS. Then we have for all
P-cuts C and C' of R:

c i c’
R
‘| Js
#(e) '
H(O) 2 o(C)

J{lc
le(8(C)) 22 1e(6(C"))

Proof. By definition R is a process of fl(OS), which shows the first embedding
via ¢. Theorem [ shows that every step for an ordinary OSs can be simulated via
lc which is the second embedding. a

The map lc associates with each process R a nested process which is an object
net system: “The semantics of an object net is an object net.”

Definition 10. Let (R, ¢) with R = (B, E,<) be a process of the Os 0S =
(N, d,©,My). Define the located process (Ic(R), ¢r) by the Os

IC(R) = (NRa dRa @R7 MR)
where Ng = {Rn | N € N'} with
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B(Ry) = BN ¢ ' (P(N))
E(Ry) = {e' |t e fi(¢(e)) Nt € T(N)}
F(RN) = <|(B(Rn)x E(Rx))U(E(Rx)x B(Rx))

and dr(b) = d(¢(b)), Or(b) = E, and Mg(b) =1c(°R). The process mapping is
defined by $r(b) = B(b) and dr(e") = le).

Analogously to the previous Theorem we obtain the following embedding
when the application order of Ic and ¢ is switched.

Theorem 8. Let 0S = (N,d,©,My) be an ordinary Os and (R, ) a process
of OS. Then we have for all P-cuts C and C' of R:

c = o
lcl llc
1c(C) % 1e(C)

¢Rl l¢R

¢r(1c(C)) LD, 4a(1e(C))

Proof. Let C % C" and ¢(e) = t[0] then by Def. @ lc(e) = e'[e]. It is easy to
see that by the construction in Def. [[0] the event €’[€] is enabled in lc(R) for the
nested cut lc(C): 1e(C) % le(C").
C

¢

le(C) ———— 1e(¢(0))

c ’ 4(©)
) 1e(C) s Re(0(C)
)
¢

¢ 9(C")

Fig. 5. Process embeddings
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Since ¢ g equals ¢ on places, we have ¢r(1c(C)) = ¢(lc(C)). Using Theorem [6]
and [ we know, that ¢r(lc(C)) = lc(¢(C)) can be rewritten by ¢(e).
Since pr(lc(e)) = dr(fo(6(c)) = dr(e'[e]) = H68] = ¢(e) holds, we have

dr(le(C)) % ¢r(lc(C")) for the object-net system OS. O

s

The cube in Figure Bl summarises all the embeddings of Theorem [ and Bl

The vertical dimension illustrates the firing steps, the dimension from left to

right illustrates the mapping from the process to the object system, the dimen-

sion from the front to the back illustrates the relation of reference and value
semantics.

6 The Household Robot Example, Revisited

In [I0] the authors showed how the formalism of nets-within-nets can be used
to model mobility, especially in the case of mobile agents. A case study was
presented that models a mobile household robot. We adapt this case study for
a first approach on how to analyse agent systems. To reach this aim the overall
system architecture is simplified while the ideas are still visible. Going along
with a better tool support for the analysis we will switch back to the original
model.

The household is represented by the system net in Figure B The household
consists of several rooms (locations): hall, living room, kitchen, next room, and
the front yard (dark places). Each room offers special services to the robot: it can
fetch coffee in the kitchen, serve it in the living room, fetch mail in the front yard,
open and close the door in the hall, and so on (light transitions). The possible
movements from one location to another are displayed as dark transitions. Note
that moving from room to room is not symmetric in this scenario. For example
it is not possible to move directly from the kitchen to the next room. Service
transitions are supplemented with additional information (service state/buffer,
light places) showing for instance if new mail has arrived, coffee is available and
so on. Extraneous actions not accessible for the robot are displayed as thin-lined
transitions: arrival of new mail, new assignments for the robot etc.

The door of the house is used to show another possibility of viewing special
parts of the system: the state of the door (open/closed) is modelled directly.
This system state does not belong to a single service (as for example the state
of the mailbox), but is queried by a couple of service transitions including the
movements into and out of the house.

This model of the household is filled with life by implementing an appropriate
robot agent and defining the desired services for the platforms. The behaviour
modelling for this kind of agents has been introduced in [9]. While the Petri net
model of the household hides some details — namely the transition inscriptions

5 The use of colour greatly supports the differentiation of different types of places,
transitions, or arcs. Unfortunately this is — even in the adapted form of the figures
— not so obvious in a black and white representation.
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fetch mail frontyard
mailbox
"
leave open enter
house house house

Q© H1ocation
O buffer/store
hall O state
mail bureau
read |' O ’ha"
[] move
[ service
. = extranous action
kitchen
coffee
- enter . supply
living room living kitchen fresh
room [ |1+

coffee
/ fetch coffee
r
,,_Cﬁving IJ__I enter

table serve room i kitchen
P next next room

‘ i
drunk coffee \h room
J‘; ~r
enter
next room r \D*FO*H new assignment

assign

new robot

Fig. 6. Household System Net

import de.renew.net.Netlnstance;
import de.renew.net.Net;
Netlnstance prt;

String s,p;
E tin(s) :out(s)
protocols
[“coffee' "serve_coffee"]
mall“ "fetch_mail"] s
s.pl [5 Pl guard false qj
s reactive _active
action prt=Net. forNaM prt=Net.forName(p)
.buildinstance() .buildInstance()
prt prt
start
| prt:start()
prt
s s
———{in}—opn prt—fouth———
prtin(s) prt:out(s)
prt

prt:stop() g stop

Fig. 7. The robot

e.g. for moving around — the nets for the robot (Fig. [[) and one of its plans
(Fig. [) are presented in full detail using the syntax of RENEw [14].

Figure[d shows the interface net of the robot implemented as a MULAN agent.
This kind of agents is explained in [J]. The Figure shows a simplified version still
capable of autonomous, pro- or reactive and reconfigurable behaviour. What is
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“out(*kitchen") “out("getcoffee") “out("Ir") ‘out("servecoffee") “out(*nr")
“in(*kitchen") in("getcoffee") in("ir) -in(*servecoffee")

in(*nr')

:start()

(.

Fig. 8. Plan for serving coffee

omitted in this publication is the platform net, the layer between the overall
system (household) and the agent (robot). It is necessary only if one is interested
in a dynamically changing environment. Leaving it out we get an architecture
of three layers: system - agent - behaviour protocol (plan).

Figure [ presents a behaviour protocol of the robot. This protocol only con-
sists of sequential actions, therefore we call it a plan. Protocols tell the agent
what to do and when to do it. Protocol nets can be generated at run-time, which
can not be shown here. The plan for serving coffee instruments the robot to move
to the kitchen, fetch the coffee, move to the living room, serve the coffee and
move back to the next room. Having done this the plan stops.

We have analysed the household system where the house net has been re-
stricted to the kitchen, the next and the living room, since the yard and the
hall are not relevant in the restricted scenario. The transitions new assignment,
fresh coffee, and coffee drunk have been fused to generate some kind of loop at
the system net level. For this example an analysis with INA [I7] (integrated
in the PEP tool [7]) shows that the simulating P/T net is ordinary, extended
simple, bounded, reversible and live. It has no transitions without any pre- or
without any post-place. The system is covered by semi-positive P-invariants and
thus structurally bounded. It is covered by a semi-positive T-invariant contain-
ing each transition once. There are 99 minimal deadlocks. All nonempty traps
are initially marked. The system is state-machine decomposable.

Since the system is bounded we know that the design relies on only finitely
many resources and since it is live we know e.g. that the robot can offer its
service regularly.

7 Conclusion

In this presentation we have introduced the subclass of ordinary object-net sys-
tems. This subclass is of special importance because its structure guarantees
that each marking is located. We have shown that this implies further, that ref-
erence and value semantics can simulate each other directly for this subclass.
The structural simulation is also compatible with the concept of a Petri net pro-
cess — illustrated by the cube in Figure[Bl Due to this one-to-one correspondence
a formal analysis based on standard tools is possible. Structural and dynamic
properties were checked for our household/robot example using the tool INA.
Current work is undertaken to investigate extensions of the formalism to allow
for high-level concepts as arc inscriptions, bindings etc.
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A Notations and Basic Definitions

Let R C A x B be a relation. A pair (a,b) € R will also be denoted a Rb in infix
notation. The identity relation is defined as id4 := {(a,a) | a € A}. Fora € A
and b € B define the domain of an element b € B by (_LRb) := {a | (a,b) € R} and
its co-domain by (a R-) := {b | (a,b) € R}. We generalise the notion of domain
and co-domain to sets C C Aand D C Bby (CR.):={b|3Ja € C: (a,b) € R}
and ((RD):={a|3be D:(a,b) € R}.

Let R C A x A be a symmetric and reflexive relation. The set K C A is a
clique with respect to R iff all pairs of its elements are in the relation, i.e. for all
x,y € K we have (z,y) € R. A maximal clique is called a ken and the set of all
kens of R is denoted by KEN(R).

The definition of Petri nets relies on the notion of multisets. A multiset on
the set D is a mapping A : D — N. Multisets are generalisations of sets in the
sense that every subset of D corresponds to a multiset A with A(z) <1 for all
x € D. The empty multiset 0 is defined as 0(z) = 0 for all 2 € D. The cardinality
is [A] := >, cpA(x). A multiset A is called finite iff [A| < co. The multiset
sum A + B is defined as (A + B)(z) := A(z) + B(x) the difference A — B by
(A — B)(z) := max(A(z) — B(z),0). Equality A = B is defined element-wise:
Vo € D : A(z) = B(z). Multisets are partially ordered: A < B <= Vx €
D : A(z) < B(z) The strict order A < B holds iff A < B and A # B. The
notation is overloaded, being used for sets as well as multisets. The meaning will
be apparent from its use.

Any mapping f : D — D’ can be generalised to a mapping f : MS(D) —

MS(D') on multisets:
f (Z%—) = f(a)
i=1 i=1

This includes the special case f(0) = 0. These definitions are in accordance with
the set-theoretic notation f(A) = {f(a)|a € A}.
The set of all finite multisets over the set D is denoted MS (D). A multiset A

can be considered as the formal sum A =}, A(z)-z. Finite multisets are the
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freely generated commutative monoid (MS(D),+,0). If the set D is finite, then
a multiset A € MS(D) can be represented equivalently as a vector A € NIPI,

N = (P,T,F) is a Petri net iff the set of places P and the set of transitions
T are disjoint, i.e. PNT =0, F C (P xTUT x P) is the flow relation. Some
commonly used notations for Petri nets are ®y := (_Fy) for the preset and
y® = (y F.) for the postset of a net element y. The set of minimal elements of
a net N is denoted °N := {z € PUT | *z = 0}, the set of maximal elements is
Ne:={z e PUT |z* =0}.

A finitely branching Petri net N = (B, E, <) is an causal net iff the transitive
closure < of the flow is acyclic and |*b| < 1 and |b°| < 1 holds for all b € B. For
a causal net N = (B, E, <) we define the order < on the net elements (B U E)
by < := <T.
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