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Abstract

Higher-order Petri nets are a class of high-level Petri nets, in
which Petri nets themselves are first-class objects. Here to-
kens may represent Petri nets and Petri nets may be the values
of parameters and variables, as well as the result of compu-
tations performed during the occurrence of transitions. These
features facilitate a number of very powerful higher-order mod-
elling techniques, making Petri nets much more flexible, com-
positional, and the resulting models more reusable. This work
explores the usefulness of some of these techniques by looking
at them from an application point of view and by illustrating
them with small to medium-sized application examples.

Keywords: higher-order Petri nets, component mod-
els, modeling techniques

1 Introduction

Petri nets are a powerful modelling notation for con-
current systems, but in their basic form they lack
any notion of compositionality or abstraction. Over
the years various approaches of composing Petri nets
models have been used with more or less practical
relevance. We will discuss some of them in section 2.

As part of the Moses project (Moses 2001) we de-
veloped a simple extension to Petri nets — a form of
higher-order Petri nets. The term ’higher-order’ is
taken from the domain of programming languages,
where it describes procedures or functions that can
take other procedures or functions as parameters, pro-
duce them as results, or simply manipulate them as
first-class data objects. Similarly, the extension we
propose allows a Petri net to appear wherever any
other data object can appear, as a token, as a param-
eter, or as the value of a computation.

These facilities have been used in practical mod-
elling for some time now, and this paper tries to ex-
tract some of the fundamental modelling techniques
that are made possible by higher-order modelling con-
structs.

The rest of this paper is structured as follows. Af-
ter reviewing some related work in section 2, section
3 informally introduces the basic notions and con-
cepts, as well as some terminology. The main body
of this paper is section 4, where we present a number
of techniques of varying complexity that are all made
possible by the higher-order constructs introduced in
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the preceding section. Finally, we conclude in sec-
tion 5 with some discussion and an outlook for future
research.

2 Related work

One key extension to basic Petri nets that make them
more useful for practical modelling are high-level
Petri nets (such as Colored Petri Nets (Jensen 1992)
or Predicate/Transition Nets (Genrich &Lautenbach
1981)). They provide powerful means for modelling
concurrency and synchronization in a formal yet in-
tuitive manner. Like basic Petri nets, however, they
lack constructs that make them compositional.

A modelling technique is considered compositional
if it facilitates modular decomposition techniques that
conform to the open-closed principle (Meyer 1988):
It supports the development of individual model
parts ("components’) that are closed in the sense that
knowledge of their internal structure is not necessary
in order to use them (provided one has a sufficiently
precise description of their behavior), while at the
same time open in the sense that such a component
can provide an arbitrary degree of configurability, has
documented interfaces which can be connected to the
interfaces of other components, can be used indepen-
dently from its contexts and is free to make use of
other components.

Previous work on composing Petri net models in-
cludes various techniques for refining places and tran-
sitions (Brauer, Gold &Vogler 1994, Vogler 1987).
(Jensen 1992) also defines a concept of hierarchy and
composition for Colored Petri Nets (CPN) that al-
lows transitions to be replaced by subnets. According
to (Lakos 1997) tramsition and place refinement ap-
proaches cannot even be considered to support proper
abstraction, since the refinements do not retain the
properties of the places and transitions.

Object Petri Nets (OPN) (Lakos 1994, Lakos 1995)
allow tokens to represent arbitrary subnets. Tokens
are instances of classes, and a class may be instanti-
ated dynamically any number of times. This mecha-
nism allows the abstraction and encapsulation of ac-
tivity. A net may access public attributes of subnet
tokens in transition actions. OPN also defines a vari-
ant of place refinement: A net may change the state of
a subnet (if the latter is defined to refine a so-called
superplace) by sending it tokens and retrieving to-
kens from it, based on a synchronous communication
protocol (suggested in (Christensen &Hasen 1994) for
CPN). Acceptance and offering of tokens is controlled
by the logic of the subnet, which can lead to incon-
sistencies and anomalous situations (cf. (Lakos 1996)
for a more detailed discussion).

Object Systems (Valk 1996) define two-level nets
(with an informal description of what n-level nets
might look like) where network components communi-
cate by synchronizing transitions. This reduces some


janneck
published in:
Workshop on Software Engineering and Formal Methods, Petri Nets 2002, Adelaide, Australia


BinOp(f)
In1

Function: ¢ = f(a, b)

In2

Figure 1: A simple Petri net component with ports.

Add2and3()
First number
Function: n =2

Second number
Function:n=3
I

nil

InitialTokens: [null]
Move adder

Create adder
Function: ¢ = new BinOp([lambda (a, b) a + b end])

Figure 2: A component creating and using the com-
ponent from Fig. 1.

of the problems of the synchronous communication
suggested for OPN, but relating transitions to one
another along with the restriction to two levels (or
indeed, the binding of components to a level) makes
‘object nets’ less compositional than OPN objects.

The component scheme used in this paper bor-
rows from the above approaches in that components
communicate asynchronously and tokens are allowed
to ’contain’ (designate) arbitrary subnets. Instead of
refining places or transitions, contained components
are hooked up to their environment when they reside
on a place. We will now explain the details of this
mechanism.

3 Higher-order Petri nets

In this section we will informally present a few
Petri net extensions that facilitate higher-order
modelling—a formal definition and semantics can be
found in (Janneck 1998). Although integrated into
the Moses tool suite (Esser &Janneck 2001, Moses
2001), we believe that these extensions could be com-
bined with essentially any high-level Petri net dialect,
such as e.g. Colored Petri Nets (Jensen 1992). In
addition to the specific higher-order constructs, we
assume that tokens can carry arbitrary data objects,
as well as functions—and of course Petri net compo-
nents.

The first addition to Petri nets is a notion of com-
ponent, which has parameters, can be instantiated,
and which can be connected to its environment via
ports. Fig. 1 shows a very simple Petri net compo-
nent. It has one parameter f, which happens to be
a function, and two input ports and one output port.
In this particular component model, we only allow in-
put ports to be connected to places, and output ports
to be connected to transitions. Intuitively, the idea is
that tokens enter the component via its input ports
and are then placed onto the connected places, while
tokens produced by a transition firing leave the com-
ponent via a connected output port.t

The next extension concerns the use of such a com-
ponent in the context of another Petri net. Assume

1Other component models are conceivable, notably one that al-
lows a type of input port that can be connected to transitions, and
a kind of output port that can be connected to places. However in
this case structural conflicts can cross component boundaries.

Add2and3()
First number
Function: n = 2

Second number
Function:n=3

[51)

InitialTokens: [null]

Create adder
Function: ¢ = initComponent(new BinOp([lambda (a, b) a + b end]))

Add2and3()
First number
Function: n = 2

Second number
Function:n=3

InitialTokens: [null]

Create adder
Function: ¢ = initComponent(new BinOp([lambda (a, b) a + b end]))

BinOp(f)

Function: ¢ = f(a, b)

Figure 3: A somewhat roundabout way to add 2 and

3. (A)

that the component resides as a token on a place in
some other net—we now would like to connect it to
the places and transitions in the net in which it re-
sides. We do this by adding ports to places, and
allowing connections to these ports, in addition to
connections to the place itself. Fig. 2 shows two in-
stances of this: the two large double-rimmed places?
each have three ports (labeled Inl, In2, and Out),
and arcs are going to and from the places themselves,
as well as (some of) the ports. We call places that
have ports container places or sometimes also higher-
order places, and the ports container ports.

Note that transitions may be connected to input
container ports, and the output container ports con-
nected to places. Intuitively, when a transition that
is connected to an input container port produces a
token, that token is mot put onto the container place
itself, rather it is ’sent’ to the correspondingly named
input ports of all components currently residing on
that place. Similarly, when any contained component
produces a token at one of its output ports, that to-
ken ’appears’ at the corresponding output container
ports of all container places it resides on, and is then
put onto all places connected to that port.

Figs. 3, 4 and 5 together show a run of the compo-
nent in Fig. 2—it depicts the marking of the Add2and3
as well as the BinOp component for the six steps of
the run, the former on top of the other.

In the first state, there is no BinOp component.
When the transition marked Create adder fires, it in-
stantiates a BinOp component with a function that
adds two numbers as a parameter. The next state
shows the BinOp component residing on the left large
place, with no tokens as its initial marking. Now the

2The double rim is really only a visual cue that these places are
expected to contain components—apart from having ports, they
are otherwise entirely normal places.



Add2and3()
First number
Function: n = 2

Second number
Function:n=3
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InitialTokens: [null]
ﬂ Move adder

Create adder
Function: ¢ = initComponent(new BinOp([lambda (a, b) a + b end]))
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Add2and3()
First number
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InitialTokens: [null]

Create adder
Function: ¢ = initComponent(new BinOp([lambda (a, b) a + b end]))

BinOp(f)
Inl1

Function: ¢ = f(a, b)

Figure 4: A somewhat roundabout way to add 2 and
3. (B)

transition labeled First number fires and sends a to-
ken into the BinOp component, which is then put onto
the top place.

The transition labeled Move adder then fires, re-
moving the BinOp component from one place and
adding it onto another (fig. 4). Note that the state of
the BinOp component itself does not change, in fact it
has no way of telling that it has been 'moved’ by this
state transition. Now the transition labeled Second
number sends another token to the other input port
of the BinOp component, finally activating its transi-
tion. When it fires in the next step, it sends a token
to its output port, which then appears on the place
connected to the corresponding place output port in
the Add2and3 component (fig. 5).

Along with the two new syntactical elements
(ports and container ports and places) we assume the
existence of a facility for creating new components
and for parameterizing them (the new operator used
in the Create adder transition). We will now discuss
a number of more serious applications of these con-
structs.

4 Techniques and applications

In this section we will discuss and illustrate, via con-
crete examples, a variety of modelling techniques that

Add2and3()
First number
Function: n = 2

Second number
Function:n=3

[51)

InitialTokens: [null]

Create adder
Function: ¢ = initComponent(new BinOp([lambda (a, b) a + b end]))

BinOp(f)
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First number
Function: n = 2

Second number
Function:n=3

[51)

InitialTokens: [null]

Create adder
Function: ¢ = initComponent(new BinOp([lambda (a, b) a + b end]))

BinOp(f)

Function: ¢ = f(a, b)

Figure 5: A somewhat roundabout way to add 2 and

3. (C)

take advantage of higher-order capabilities. Due to
space constraints, we will not be able to present each
application example in detail, but the models we give
are complete,® and the explanation is intended to
illustrate the use of higher-order constructs in each
case.

4.1 Regular parametric structures

Many models contain structures that are static, reg-
ular, and repetitive, but which either are not com-
pletely known at model construction time, or which
are so big that constructing them by hand is imprac-
tical.

Consider for example the task of modelling a struc-
ture that performs Huffman decoding of a bit stream
based on a given Huffman tree.* Recall that Huff-
man decoding converts a stream of bits into a stream
of codes (say, for this example, characters) by using a
binary tree data structure called a Huffman tree, the
leaves of which contain individual characters. Initially
starting at the root of the tree, it reads a bit from its
input and depending on whether its value was 0 or 1,

3They are available for download at (Moses 2001), together with
a tool that executes them.

%As e.g. in the recommendation H.263 of the ITU for video
coding (ITU-T 1996).



goes down one step in the tree to the left or to the
right, respectively. If it hits a leaf, it writes the code
and starts the procedure at the root again. Otherwise
it simply continues with the remaining subtree.

Figure 6: A small Huffman tree.

Depending on the structure of the tree, a single
code will be emitted for a varying number of input
bits. For instance, the tree in figure 6 yields the
code ”"¢” for the sequence ”00”, the code ”e” for the
sequence 71007, and the code ”d” for the sequence
711017,

HDnode(l, r)

InitialTokens: [if instanceof{(l, java.util.List)
then new HDnode([I(0), I(1)])
else new HDleaf([l]) end]

Select

Initial Tokens: [if instanceof(r, java.util.List)
then new HDnode([r(0), r(1)])
else new HDleaf([r]) end]

Figure 7: Huffman decoder node component.

One way of implementing this would be by having
each node of the Huffiman tree represented by one part
of the model, and bits are forwarded down the tree
structure until a leaf node is encountered, producing
the output code.?

Obviously, we would not like to reconstruct the en-
tire model for each different Huffman tree. Instead,
we would like to use the higher-order facilities to con-
struct a model that, when parameterized with a spe-
cific Huffman tree, automatically instantiates the cor-
responding model structure.

Fig. 7 shows this model for an internal node. Its
parameters are the left and the right subtree, respec-
tively, and it constructs a corresponding submodel for
them by creating an initial token inside the two large
container places on the top (for the left subtree) and
the bottom (for the right subtree).

Initially, it contains a token on the central place,
and when some input arrives on its In port, it will
send a token to the Select input port of the corre-
sponding submodel, depending on whether the input
token is 0 or 1. It will also remove the central to-
ken and place one on one of the two places next to

5There are of course simpler ways of doing this, but explicitly
representing the tree structure in the model structure may be, e.g.,
an interesting step towards a hardware realization, where parts of
the model would directly correspond to pieces of silicon.

the container places, ensuring that future input is di-
rectly forwarded down the hierarchy.

The submodel will respond with either a token at
its Ack output port (which is immediately forwarded
to the corresponding port of this model), or by pro-
ducing an output code at its Out port. In that case,
the initial state is restored, and the code is sent to
the Out port of this model.

Note that any token arriving on the Select in-
put port of this model is immediately sent to the Ack
output port.

HDleaf(c)
In Out

> |

Selec Ack

| >

Figure 8: Huffman decoder leaf component.

Fig. 8 shows the model for the leaf nodes. When-
ever it receives a token on the Select port, a leaf
has been reached and therefore the output code (a
parameter of the leaf component) is produced.

Note that the proper functioning of this sys-
tem relies on every component observing a certain
protocol—e.g., new input must not be sent until the
component has produced a token at either output
port. We will encounter similar protocols in the fol-
lowing examples, and discuss them in section 5.

HuffmanDecoder1(t)
InitialTokens: [new HDnode([t(0), t(1)])]

|In Out ‘
Select Ack

Req

Figure 9: The top level Huffman decoder.

Fig. 9 shows how the above two components are
used to build a parameterized Huffman decoder Petri
net. The decoder realizes a simple dataflow protocol
in which data tokens are sent only in response to an
explicit request—each token emitted from Req is an-
swered by one token coming in at In, and similarly
tokens are only sent to Out in response to request to-
kens coming in at Next. The protocol requires that
no two request tokens are sent without an interven-
ing reply, and that no ’data’ token is sent without a
previous request.

4.2 Incremental net construction

Even though parametric, the network in the pre-
vious example was static, in the sense that—once
constructed—it did not change its structure during
the runtime of the system. For some models, the
model structure needs to be built at runtime, based
on the computation performed by the model.

The classical example of such a system is the Sieve
of Eratosthenes, a simple method for finding prime
numbers, that proceeds by eliminating multiples of
previously found primes from the sequence of natural



InitialTokens: [null]

Sieve(k) Function: sn = new sieve.Sieve([n])

Guard: (n mod k) <> 0 P
P
N
N
»

Guard: (n mod k) =0

Figure 10: The sieve of Eratosthenes.

numbers.%

The model in Fig. 10 finds the prime numbers
(starting at 3), assuming it is fed (to its input port I)
the natural numbers in ascending order starting from
2, and it is instantiated with its parameter k set to 2.

Initially, only the top place has a token. For
any token arriving at port I, the component checks
whether it is divisible by k, and if so, sends it out
to output port N. If it is not divisible by k, then it
is a new prime, and it is sent to the output port P.
At the same time, a new component is created, with
the newly found number as its parameter, and is sent
to the container place. From then on, every other
number that is not divisible by k will be sent to the
input port of that contained component, and its out-
put will be forwarded to the corresponding output
ports of this component.

It is easy to see that the sequence produced at the
top-level P output port is just the prime numbers, and
that all other numbers will be sent out at the N output
port. It is also simple to prove these properties—we
will come back to this in section 5.

Iterator(init)

Req InitialTokens: [init]

InitialTokens: [null]

Figure 11: A higher-order iterator.

4.3 Dynamic iteration

The next technique (as many other ideas in this work)
is inspired by the functional programming technique
called continuation. Continuations are a way to add
some imperative flavor to a functional program—
basically, a function performs one part of the com-

50Once again, depending on the inscription language there may
be simpler ways than actually representing the entire filter in the
structure of the Petri net. This sieve is merely illustrating the
technique—more elaborate real-world examples, such as adaptive
signal filters, required too much space.

putation, and returns another function whose invoca-
tion would perform the next ’step’, which also returns
such a function and so on.

Fig. 11 shows a higher-order component which es-
sentially uses the idea of a continuation for imple-
menting a dataflow component that realizes the same
protocol as the Huffman decoder in Fig. 9, i.e. data
is explicitly requested by a receiver before it is sent.

The Iterator component has another component
as a parameter, which it initially places on the small
container place, which happens to be without ports,
as nothing needs to be connected to it. A null token
is placed on the large container place, activating the
top transition. When this fires, it removes the null
token from the large container place, and adds the
component passed as a parameter onto it instead. It
also emits a token via its Req output port.

HDC(t, I,
o Function: next = new HDC([t, I(0), I(2)])

Guard: (a = 0) && instanceof(l, java.util.List)

a

next

Function: next = new HDC([t, r(0), r(1)])
Guard: (a = 1) && instanceof(r, java.util.List)

Function: next = new HDC([t, t(0), t(1)])
Guard: (a = 1) && ~ instanceof(r, java.util.List)

Figure 12: An iterable Huffman decoder component.

At some point, this will be answered by a token re-
ceived on the In input port. This is immediately sent
to the In port of the contained component, which is
now expected to behave in either one of two ways. It
may just acknowledge the token by simply emitting a
token at its Next output port. In that case, the cycle
starts again, i.e. that token will be put onto the small
container place, activating the top transition, which
will fire and replace the emitting component on the
large container place with the token it emitted, while
sending a token out at its Req port. In other words,
the token emitted at the Next port is the component
that will process the next input token, i.e. the con-
tinuation of the currently contained component.

However the contained component may also ad-
ditionally produce an output token at its Out port
(which must be produced earlier than the continua-
tion token). In this case, the token inhibits the fir-
ing of the top transition until it is removed from that
place. This will happen once a token is received at the
Next input port, and the rightmost transition fires,
sending the output token to the Out output port.

Fig. 12 shows a Huffman decoder component that
can be iterated in this way. It has three parameters:
the complete Huffman tree, and the current right and
left subtrees. When it receives a token, and the cor-
responding subtree is a List (indicating it is not a
leaf), it constructs a new instance of the same com-
ponent class, but with the (smaller) subtrees of the
subtree chosen by the incoming bit as parameters,
sending that component to the Next output port as
its continuation.

If the subtree chosen by the input bit is not a list,
it is a leaf, and the continuation is a component in-
stance parameterized with the top two subtrees, while



DesignSpaceExplorer(runFactory, parameterSet)

Create run
Function: run = runFactory(pars) I

Parameters

InitialTokens: parameterSet

Simulation

out

result

Combine result and parameters
Function: result = map["pars" -> pars, "output" -> out]

result

Signal done

Figure 14: A design-space explorer.

HuffmanDecoder2(t)
Req
e
[ 7 ‘“<XE
| ]
Nextl |Req

‘In EutI
InitialTokens: [new Iterator([new HDC([t, t(0), t(1)])]]

Figure 13: A Huffman decoder using the Iterator.

at the same time the corresponding output token is
generated.”

Fig. 13 shows how to construct a Huffman decoder
component from the Iterator and the HDC compo-
nents above.

4.4 Component factories

In the previous section, components constructed
other components, which were intended to be used
as continuations for their creators. We will now
look at a generalization of that technique, where
the key job of a component is to construct other
components—inspired by design pattern terminology
(Gamma, Helm, Johnson &Vlissides 1995), we call
such components component factories.

Consider the component in Fig. 14.8 In this model
a collection of parameter tuples and a function called
runFactory are used to create a series of instances
of a parameterizable system, in an exploration of the
system’s design-space. When applied to an element
of that collection, the runFactory is expected to pro-
duce a component that is started by sending it a
token, and terminates with some result token. The
DesignSpaceExplorer component does this for each
token sent to it on its next input port, sending the
result of the run to its result output port, until the
set of parameter tuples is exhausted, and then it re-
sponds by sending a token to its done output port.

Even though there is a factory function involved
that creates components we would not call the

"Obviously, constructing a new component for each bit is terri-
bly wasteful, and something we have done here for simplicity. In
practice, if this modelling technique is used, the components are
often cached and reused.

8This component is derived from work on automated design-
space exploration in (Esser &Janneck 2000).

DesignSpaceExplorer itself a component factory.
This is because it does not make the instantiated
components available to its environment—it just runs
them and forwards the results. Nevertheless it is an
interesting higher-order technique in its own right.

Although this is a powerful component for explor-
ing a large number of parameter combinations with-
out having to manually create a model for each, in
practice design-space exploration is usually not done
like this. The design-spaces of many systems are just
too big to explore in this way—most often, explo-
ration is performed in generations, where an initial
set of parameter settings is created, its results are
collected, and from this a new set is generated and
so on. Many exploration and optimization strategies,
such as hill-climbing, simulated annealing, or evolu-
tionary methods work in this way.

Such a system can be very elegantly built using a
component factory: The strategy that generates one
generation from the results of the previous one can be
modeled as a component that receives input data (the
results from the current generation) and when trig-
gered creates a complete new DesignSpaceExplorer
component that runs the next generation. Fig. 15
shows a simple evolutionary strategy, which effec-
tively is a factory for DesignSpaceExplorer compo-
nents.

The details of this component are not very
important—basically, it received results on its
addResult input port, acknowledging them on
its resultAck output port. When it receives
a token on its nextGen input port, it com-
putes a new set of parameter tuples (using the
usual selection/mutation/crossover operations of evo-
lutionary algorithms), and then instantiates a
DesignSpaceExplorer component, which it sends to
its dseOut output port.

Fig. 16 shows how the component factory (the
Strategy) is used to build a generational design-space
explorer.

Again, we could have built the generational ex-
plorer without a component factory, by simply de-
signing the original design-space explorer such that
we could send it new parameter tuple sets (rather
than making these a parameter, and thus immutable).
However, that would imply that we either foresaw
the kind of generational design space exploration
required, or that we are prepared to change the
DesignSpaceExplorer to allow this. Also, the cur-
rent design is significantly more flexible, as it allows
a strategy to instantiate a different kind of design-
space explorer, which may be more appropriate for
its purpose.



SimpleEvolutionaryStrategy(
resultBetter, // resultBetter(newResOutput, oldResOutput)
initialPop,
mate, /I mate(pars)
popSize,
selPopSize,
dseFactory // dseFactory(pop)

) Add result

Function: pop = if r in pop then pop else insertRes(r, pop) end,
best = if resultBetter(r("output"), best("output"))

addResult then r else best end

resultAck

pop =]

nextGen

InitialTokens: [null]

Initialize population
Function: pop =],
selPop = initialPop

Add new inidividual

D

Current population results

Select population
Function: selPop = [best("pars")] + [r("pars") : for r in cropTo(pop, selPopSize)],

dseOut

Send new population
Function: dse = dseFactory(pop)
op Guard: pop'size() >= popSize

Function: pop = pop + [mate(pick(pop, rand), pick(pop, rand))]

Guard: pop'size() < popSize

Figure 15: An evolutionary strategy acting as a design-space explorer factory.

% result

GenerationalDSE (strategy)

Strategy /

Start new generation

start A

Figure 16: A generational design-space explorer using
design-space explorer factories.

4.5 Coordinating tasks

So far, the examples had (at least in the parts we
discussed) very little concurrency, which is rather un-
usual for Petri net models. This was merely for con-
ceptual simplicity, and the following example will in
fact be massively concurrent.

The task is to compute (an approximation to) the
Mandelbrot set. We divide this task into two compo-
nents: one, the MandelbrotSlave, computes an iter-
ation count for a given point, the other, the Master,
coordinates any number of those slaves and provides
them with new points to compute, collects the re-
sults, and produces the appropriate output. Fig. 17a
shows the MandelbrotSlave, taking a delay (we want
to simulate and analyze the performance, say) and a
maximal iteration count as parameters. It has an in-
put port, where it receives tasks, which are tuples of
the form [slave, point]. If the slave part does not
identify a given slave component, it will simply re-
move the task token without doing anything else. If
it does identify the slave component, then the task is

accepted, and an iteration takes place, until the limit
is reached or the function value diverges. Then the
result (number of iterations) is written out.

The Master is shown in Fig. 17b. This is a generic
component, its parameters are a set of slaves, an ini-
tial task (here: the starting point), a function com-
puting the next task (the next point to be computed),
and boolean function that determines whether there
are any more tasks to be done. The master takes one
of the available slaves (those contained in the bottom
right place), computes a new task, and sends that
task together with the slave to all slaves—note that
sending a token to a container input port has multi-
cast semantics, i.e. all components currently residing
on the container place will receive the token.?

When a slave finally computes a result, the slave is
again registered as available and the result is sent to
the TaskResult output port. By giving the Master
different sets of slaves with different delay distribu-
tions, system performance can be analyzed.

4.6 Collecting data

When evaluating a system such as the one computing
the Mandelbrot set, it is often necessary to look at the
steps performed by the individual components and
gather statistical data about their operation. Assume
we want to track for each slave when an iteration
starts and ends. Obviously, this data has to be sent
outside of the component that produces it.

We could do this by adding a port or two to the
slave. Unfortunately, we would have to change the
Master component as well, since it would have to

9Other solutions are possible: Slaves could be generated with
their task as a parameter, and destroyed when they are finished.
They could be taken to a place where they are guaranteed to be
alone, to avoid the multicast/filter overhead. Or one could extend
the higher-order language with an addressing construct. Which of
these is most appropriate depends on the concrete system to be
modeled.



MandelbrotSlave(delay, maxliter)

In

Guard: task(0) <> this

Function: data = [0, task(1)(0), task(1)(1), 0, 0]
Guard: task(0) = this
data

a  Delay: delay
Function: b = [a(0) + 1, a(1), a(2),
(a(3) *a(3)) - ((a(4) * a(4)) + a(1)),
(2*a(3) *a(4)) - a()]
result Guard: a(0) < maxlter
Function: result = [this, task, data(0)]
a) Guard: data(0) >= maxlter || sqr(data(3)) + sqr(data(4)) >= 4

Master(slaves, initialTask, hasNextTask, nextTask)

Function: slaveTask = [slave, task],

newTask = nextTask(task)

Guard: hasNextTask(task)

task InitialTokens: [initialTask]

InitialTokens: slaves

slaveTask newTask

Function: slave = result(0), slave
taskResult = [result(1), result(2)]

)

result slave

InitialTokens: slaves
taskResult

b) TaskResult ‘

Figure 17: Mandelbrot point computation—a slave,
and a master driving a set of slaves.

forward those ’statistical’ tokens, and so would any
component around it, until we reach the top level,
where we would hopefully catch those tokens and do
something useful with them, such as write them to a
file or a database. This is a very annoying solution,
as we would have to modify generic components such
as Master, and quite possibly would have to do so
repeatedly, for each new piece of statistics that we
would like to generate.

MandelbrotSlavelnstrumer , maxliter, i h)

Guard: task(0) <> this

Function: data = [0, task(1)(0), task(1)(1), 0, 0]
Guard: task(0) = this
data

InitialTokens: [stopwatch]
this,

a Delay: delay

Function: b = [a(0) + 1, a(1), a(2),
(a(3) *a@d)) - ((a(4) * a(4)) +a(1)),
2*a(3)*a@) - a)]

Guard: a(0) < maxiter

result

Function: result = [this, task, data(0)]
Guard: data(0) > maxlter || sqr(data(3)) + sqr(data(4)) >= 4

Figure 18: A version of 17a using a simple perfor-
mance monitor

A better solution is suggested in Fig. 18: rather
than communicating with the performance monitor
(here a simple component receiving tokens at its
Start and Stop input ports) ’upward’ across any
number of levels of containment, we pass the mon-
itor component into the slaves. All slaves will be
handed (as a parameter) the same identical perfor-
mance monitor, which is therefore contained in (at
least) as many container places as there are slaves.
This way only the slaves need to be adapted (and of
course whoever creates them), and the performance
monitor component can evaluate, store, or print the

statistics without the surrounding components (such
as the Master) even being aware of it.

5 Discussion and conclusion

In this paper we have presented a number of practical
modelling techniques that are a consequence of intro-
ducing higher-order constructs into a high-level Petri
net language. They rely on a component model for
Petri nets, and on a construct that allows Petri nets to
be treated as tokens, and be dynamically connected
to and disconnected from other Petri net components.

Nomne of the modelling tasks presented here needed
higher-order constructs, in the sense that there was
always a way to do without them. So these constructs
do not, in a formal sense, necessarily extend the ex-
pressiveness of a Petri net language. On the other
hand, we do believe that they are a significant con-
tribution to the practical modelling convenience of a
Petri net language. They allow much more flexible
compositions of Petri net models, and much more
rigorous abstraction and encapsulation than many
other ways of composing models. This abstraction
facilitates new ways of constructing models: mod-
els can be constructed like software, in teams, with
people relying on defined interfaces between mod-
ules/components. This in turn has an impact on pos-
sible model sizes and complexity. In our experience,
higher-order constructs open many new application
areas to Petri net modelling.

Throughout the examples, we had to assume cer-
tain behavior of the environment, and in turn could
guarantee certain component behaviors—this was the
essence of the protocols that we described in several
places. The relatively simple formal semantics of
Petri nets together with an assume-guarantee style
of compositional reasoning about component inter-
faces and their connection could be the key to prov-
ing useful properties about many classes of dynamic,
unbounded size systems. This is an exciting research
direction that we are exploring.

We had already mentioned that there are a num-
ber of alternatives to the particular component model
chosen in this work. The key rationale for this model
is that it is not reliant on Petri nets, and in fact allows
a large number of different modelling languages im-
plement a component. This was one of the key design
goals of the Moses project (Moses 2001). However in
a Petri net context, much richer component models
are conceivable, and exploring these is another inter-
esting direction of research.

On the more practical side, the work outlined in
this paper could be approached more systematically,
resulting either in a catalog of design patterns for
Petri net modelling (cf. (Naedele &Janneck 1998,
Gamma et al. 1995)) (or maybe even for generic
higher-order modelling), or possibly in a library of
reusable model components. Both will tremendously
improve the efficiency of model creation.
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