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Abstract: A substantial part of the economic theories is based on conversion and exchange process. This process
can be described as a value chain, which can be considered as a cyclic model with complex attributes. There is
a serious problem how to express resources and their conversions in a complex cyclic model during the
simulation and how to identify these converted resources in every step of the simulation. This paper introduces
the Objectvalued Petri (OV-PN) modification as a new formalism to create a cyclic model of the value chain.
According to the modification we had to define a new path and pass of the OV-PN. We also had to determine
new properties. Properties are based on the OV-PN and reflect needs of model requirements. A new formalism

is verified on a common enterprise value chain.
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1. Introduction

The value chain is a modelling technique to formalise and
monitor the competitiveness of the business. It focuses on the
flow of resources between internal business processes that are
interconnected to each other. A product increases its value
when it passes through a stream of production chain. That is
the fundamental notion in value chain analysis [3]. The REA
value chain is a network of business processes. The purpose of
the network is to directly or indirectly contribute to the creation
of the desired features of the final product or service, and to
exchange it with other economic agents for a resource that has
a greater value for the enterprise [10]. The value chain
definition implies that it is important to find a suitable
formalism for the simulation of the model run for practical
realization. Existing theories such as state machines, Petri nets
[5], or neural networks were considered while searching for a
correct formalism. Value chains have specific requirements for
descriptive formalism allowing their validation and simulation
(according to [17]). Specific type of the value chain is supply
chain [12]. State machines are not expressive enough to solve
this problem. Despite the fact that neural networks are
expressive enough for describing processes in the value chain
there is significant complexity in simulation. Two independent
neural networks must be created for the simulation of the value
chain. The first network is able to validate the model and the
second implements simulation steps. In both cases, the neural
network must learn these properties. Therefore the process
becomes time and implementation consuming. On the other
hand the neural network approach is very flexible and can be
used to solve multilevel problems (for example multilevel
SPAM control [11]).
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The Petri Net theory matches the description of the model
states more closely, but its expressivity, especially for P/T Petri
nets, is very limited [7]. General token is not able to capture
such a complex structure, for example an object representing
the resource. Therefore this article suggests using the object-
valued Petri nets (OV-PN) to ensure the simulation and the
validation of value chains. It also discusses some specific
properties of the OV-PN and defines new properties for the
value chain domain. Main advantage of using the Petri net
theory is possibility to create an automatic deterministic
process of the code generation [13].

THE VALUE CHAIN AND ITS SIMULATION PROCESS

The value chain consists of two main parts: processes and
links that form a chain with other processes (similar to supply
chain described in [15]). These parts create the interconnected
network of processes increasing the value of the resource. The
value chain creates a cyclic bond that means all processes have
their inputs and outputs connected together and form a full
closed chain. Each process can have more than one input and
more than one output. Multiple types of resources can form the
input and the output. In figure 1 there are two significant
examples of resource distribution. Resources Plan and Money,
needed for purchasing the Material, enter to the Purchase
process. Sales process produces output Money that enters into
two another processes - Purchase process and Acquisition
process.
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Fig. 1. Enterprise Value Chain

The simulation of the value chain process is used to
monitor the competitiveness of the business. Model elements
show processes that increasing the value of corporate
resources. Each step of the process increases the value of the
company output, and therefore it can be understood as a value
chain [1]. The value chain is the set of mutually interdependent
activities that are interrelated together by their inputs and
outputs.

Enterprise value system shows the flow of resources
between participants within the enterprise and it can be
obtained by analysis of the company value chains. The value
chain shows the flow of resources across business processes
[14].

Figure 1 shows an example of the value chain depicting the
flow of resources between the enterprise and business partners.
The model example consists of 5 processes:

Purchase process expresses the purchase of the raw
material from vendors.

Production process is internal conversion process
creating the product.

Sales process illustrates the sales of the created
product to the customer.

Acquisition process arranges labour for Planning
process.

Planning process prepares purchase plane.

For purposes of the planning and detailed analysis of
business value chains it is necessary to record the flow of
resources and their changes in time. For these cases, it is
possible to use the simulation of the flow of resources across
business processes. In every step of the simulation an exchange
process performs exchanging of resources and the conversion
process creates a new product or modifies characteristics of an
existing product. In case of complex value chain the simulation
can determine which links are inefficient and where is the place
for the subsequent optimization. The simulation can be also
used for analysis of the economic situation of the enterprise,
such as stores status, financial estimates, an efficiency of the
production, or logistics. You can also simulate the way of a
product from an initial purchase of raw materials, through its
production and finishing by sale to determine the total financial
and time costs for one product.
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2. Object-valued Petri Net

Object-valued Petri net is an extension of P/T Petri net.
This extension has been introduced in [8]. Object-valued Petri
nets are used as formalism for validation and synchronization
of complex object models.

Definition 3.1: Object-valued Petri net
Petri net is extended to a 6-tuple (P, T, F, V, R, C), where:

P is a finite nonempty set of places,

N is a finite nonempty set of transitions,
T NP =0Q(PandT are disjoint),

F € (PXT) U (TXP) is a finite set of arcs (flow
relation),

Vis a finite set of object data types,

R is a finite set of transforming functions R:PUT —
W(V), where Y(V) is the power of the set of object
data types.

C is a set of capacity function. C:P - NU w,N € N
and W denotes infinite.

My: P = Vi is the initial marking of the token. Vp €
P:My(p) € R(p)ys, where R(p) s is the multiple set
of the object data type tokens in p.

The main idea of the Object-valued Petri net is an object-
valued token that provides adequate expressivity to describe
resources represented by complex object structures. The token
carries basic information to identify the specific object
instance. Initial marking consists of the multiple set of object
data types deployed across the net. Firing of each token means
change in marking of the net and also change of the token type.
However token identification remains and therefore we can
identify the token in every step of the simulation process. If the
model is partly linked with the Object-valued Petri net theory
we have to define the path of tokens. Formalism itself defines
necessary basis to create the model, unfortunatelly that does
not ensures the sequence of movements into desirable result.
Object-valued Petri net realizes transition as soon as the
transition is feasible. Nevertheless the real model can require
other conditions to realize the transition (for instance lazy
constructions). Therefore we have to state the new definition of
the path and pass of the model.

Definition 3.2: Path of the OV-PN

Let OV-PN = (P, T, F, V, R, C) be an Object-valued Petri
net with initial marking M,. The path from the place u; € P U
T to following place u, € PUT is the sequence
(U, Uy, ..., Uy), Where (U, U 1) for 1 <fi<n.
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Definition 3.3: Pass of the OV-PN

Object-valued Petri net OV-PN = (P, T, F, V, R, C) with
initial marking M, is feasible when:

1. Must exist an initial place i€ P where *i=9 .

2. Must exist exactly one final place °€P where
o=

3. Every place UEPUT Jios on the pass between initial

place i and final place o.

In this context the first condition is understood as a marking
of the input of the model that can be represented by more than
one input parameter. If this condition is set to be strict to the
value of input marks the model cannot realize calling of the
method with more than one input parameter. The output of the
model is wusually one because of the standard method
construction in object-oriented paradigm [2]. Third condition
expresses the fact that every place and every transition exists
on the path between the initial place and the final place.
Therefore the Object-valued Petri net should not have blind
paths and every call in the model should be reachable form
initial place by passing finite number of transitions
representing a flow relation F' (similarly to [16]). Similarly to
the initial place every place in the model exists in the flow
relation F is able to reach the final place of the model.

Boundedness and safeness

The ordinary Petri net (P/T Petri net) defines the
boudedness mechanism to limit the tokens in all reachable
markings. A place in the Petri net is called k-bounded if it does
not contain more then £ tokens in every making in the net,
including the initial marking. Moreover the Petri net is
bounded if and only if its reachability graph is finite. The
special case of the boundedness is safeness attribute. If the net
is 1-bounded it is called safe.

Object model synchronized by Petri net mechanism can be
bounded at the places level as in ordinary Petri net. Every
method can produce more than one output during the
simulation. Places may store these outputs as Object-valued
tokens (similar to colour evaluation in [6]). By applying
safeness rule the places in model stores only one object-valued
token and the model becomes less complex.

Conservation

Created model cannot be strictly conservative. In the first
step in figure 1 the Purchase process consumes two inputs and
produces one output. The Sales process consumes only one
input and produces two outputs - two object-valued tokens
parameterized as Money. Moreover the Purchase process
requires a synchronization mechanism. The model cannot have
a constant token count for every marking from set of the
reachability set

RM): Y Mp)=Y  My(p,)
Liveness and deadlock

All methods in object-oriented paradigm can be executed
more than once [4]. However by executing some method an
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internal state of the object can be altered. That means if we
need to apply liveness property to whole model, every method
must be considered as an atomistic operation.

Generally the transition t € T is alive if:
Vp €Ect:M(p) #+ Qandp € te: M(p) = O.

It means that transition becomes active, if there are tokens
on all transition’s entrances and the place that follows the
transition is empty. The net is alive if there is at least one live
transition in every step of simulation process otherwise a
deadlock occurs. Deadlock is solved on a higher abstraction
level and requires user intervention.

3. Object-valued Petri Net Extensions

The main condition of the value chain is cyclicality.
However the Object-valued Petri net has two definitions that
limit the path of the net (definition 3.2) and pass of the net
(definition 3.3). First definition says that O-V Petri net with a
specific marking My has a specific sequence from one place to
another. The value chain has also specific sequence that defines
the path of the chain. Moreover the cyclic chain consists of
many single paths connected to each other. To express a
general value chain principle with the Petri net theory we have
to define a cyclic Petri net:

Definition 4.1: Cyclic Object-valued Petri net

A marked Petri net (OV-PN, My) is cyclic Petri net if from
every reachable marking M it is possible to return into My (i.e.
MEROV -PN,M,= M, E%(OV—PN,M))

According to [9] we must also define the inverse of an
ordinary Petri net:
Definition 4.2: The inverse of an Object-valued Petri net

For a Petri net OV-PN, its inverse OV — PN = (P,T,F) is
given by:

T ={t|t € T}and

F(t,p) =F(p,t) and F(p,t) = F(t,p) for every
pEPandteT

The definition of the inversion of the Object-valued Petri
net is presented for completeness only. In the real model of the
value chain there is usually no backward path. For instance the
company cannot convert the product to the raw material. On
the other hand this definition gives the robust tool to verify
cyclicality of the net. Algorithms to verify cyclicality could be
simplified to perform the token verification. Every token in the
Object-valued Petri net have the unique instantiation number.
The inner value of the Object-valued token is changed during
the pass of the net, however instantiation number stays
unchanged despite the value transformation. The modelling
tool can set up the initial marking and make finite steps of the
firing. If the net is cyclic the specific instantiation returns to the
initial marking.

According to the facts above we can redefine the original
Object-valued Petri net tuple for modelling the value chain:
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Definition 4.3: Petri net for a value chain simulation

Petri net for value chain simulation is a 5-tuple (P, T, F, S,
R), where:

P is a finite nonempty set of places,
* T is a finite nonempty set of transitions,
T NP =@ (PandT are disjoint),

F € (PXT)U (TXP)is a finite set of arcs (flow
relation),

S is a finite set of resources,

R is a finite set of transforming functions R:PUT —
W(S), where Y(S) is the power of the set of resources.

Moreover we must claim boundedness of elements:

Vp € PAt €T: F(p,t) EF,

Vp € PAt €T: F(t,p) EF,

Vvt €Tap € P: F(p,t) EF,

VteT3IpeP: F(t,p) EF
and their connection to cyclic model:

Vp € P: M(p) € R(M,), M, € R(M(p)),

every t €T is reachable from any p € P in limited
count of steps.

Naturally we also must specify the properties of the new
definition:

Boundedness and safeness

In the value chain the one resource can be transferred into
the more than one process (i.e. money to buy a new material
and money to fund innovations).

The safeness of the net is the matter of discussion. In fact
there are two possibilities. The net can be safe and that means
one place stores only one object-valued token. That property
can be convenient to verify the whole conversion process and
user can focus to one resource and transformation process. This
simulation is similar to redefining business processes in the
company. By applying the safeness property the whole model
became simple to understand and verification of the process
flow is much easier.

The second view on the value chain simulation is to get
statistic data and optimize workflow parameters. The model
must simulate the conversion process with more than one
Object-valued token. A typical example is a production process
creating the specific product. At the beginning of the
simulation the company needs to know how many products
must be created to cover money for a product development. In
the short term the first view can set the margin of the seller and
express the production process. The simulation of the second
view takes longer and works with multiple tokens. The price of
the product decreases with time and by the long term
simulation the company can reveal if the price model has been
set correctly. Therefore the second view cannot be safe form a
Petri net point of view.
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Liveness and deadlock

Object-valued Petri net must fulfill liveness property
because of the object-oriented paradigm construction. Cyclic
Petri nets are based on general OV-PN, but it differs on
boudedness and safeness property. Therefore liveness property
must be changed.

Transition t € T is alive if:

Vp Eet:M(p) # 0

pEte: M(p)|l+U(t) < K(p), where U(t) is a
number of resources produced by transition t

The net is live if there is at least one live transition in every
step of the simulation process.

The value chain consists of processes and links. Process
itself consists of atomic operations that can be repeated
infinitely with the same result. For example: a production
process is defined by precise methodology how to produce a
product on the serial assembly. The parameters of the process
are set at the beginning of the serial assembly (i.e. speed of the
line) and usually remains unchanged during production.
Therefore we naturally apply the liveness property to the
Object-Valued Petri net model of the value chain. All processes
remain the same despite the fact that the Object-valued token
flow through the process.

The process itself can have more than one input link. In
figure 1 the Purchasing process requires the Money and the
Plan. Plan process takes more time to create a specific
purchasing plan and sales process delivers the Money
immediately after the product has been sold. In this specific
step of the model simulation the deadlock occurs. That means
the execution of the Purchasing process is delayed until both
inputs provided with links are available. These cases can be
problematic and generally can be solved on a higher
abstraction level, i.e. modelling tool. If the model is validated a
deadlock cannot occur because of the cyclicality property of
the value chain. Moreover that implies that every process must
be reachable.

Conservation

The conservation property means that one object-valued
token cannot be duplicated when it passes the transition and the
transition has the same number of inputs and outputs. In other
words the count of the Object-valued tokens is same in every
step of the simulation. The basic models of the value chain can
be conservative. However most models in the real world are
more complex and there is big challenge to apply the
conservation rule to express a chain of resources. For example
money in the real world is an input to more than one process -
production process, planning, development, etc.. From a Petri
net point of view we must duplicate tokens with specific inner
attributes and sends them to other transitions. Therefore the
model does not have the constant token count for every
marking from the reachability set.

4. Value Chain Simulation Example

During the transformation the value chain elements are
mapped into the modified cyclic Object-Valued Petri net
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elements. Similar transformation process can be found in [18].
Processes that exist in the value chain will be represented as
transitions and all properties mentioned above will be applied.
Links that exist in the value chain will be composed of two arcs
and one place. The Arc indicates the direction of an Object-
valued token and the Place carries the Object-valued token(s)
that represents information.

For example we used the value chain from figure 1. The
transformed result is shown in Figure 2. The Petri Net consists
of five transitions and six places. The simulation starts with the
Token set on the place Product and it takes five cycles before
repeating:

1. The company has product to sell. The Product enters
into the Sales process. That generates Money for the
Purchase process and the Acquisition process (token
is divided into two places).

Money enters into the Acquisition process and creates
the Computer work. The Purchase process is not
executed because of insufficient Plan input.

The Computer work enters into the Planning process
and generates the Plan.

The Purchase process transition has all needed inputs
to perform firing. Money and Plan tokens are
exchanged for Material.

In the last step the Material enters into the Production
process and creates a new Product.

Material

Purchase process

Production process

Plan

Planning process

Acqguisition process Sales process

Fig. 2. Transformed value chain

The model is cyclic. That means the cycle 1 does not have
to be the first and all steps are realized infinitely. The order is
only that matters. The key in the value chain simulation
process, except the synchronization primitives, is the Object-
valued token. In the beginning of the simulation the Object-
valued token is parameterized as a Product. In the first step the
token is transformed into the Money and split into the two
tokens with specific ratio used to determine the inner value.
The association of the tokens to the value chain can be
identified through the instantiation ID, and inner values can be
changed as needed. Moreover in the second cycle, one of
tokens enters to Acquisition process and transforms
(parameterizes) into the Computer work. That means the token
has different inner values and even a data structure. Analogical
transformation changes the Computer work into the Plan
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structure in the third cycle. In the fourth cycle two tokens are
merged together by Purchase process and the result is the
Object-valued token parameterized as a Material. The merge
process can be performed because of the same token
instantiation ID. In the last step the token is transformed to the
Product by the Production process and the chain is closed.

There is only one token in figure 2 and all links are limited
to 1. We can simulate the whole conversion process with more
than one token and we can establish a capacity function on
every place in the net. All splits and merges of tokens are
identified by instantiation ID and therefore they are
distinguishable. That means we can recognize the specific
token as a part of the cyclic chain and the base for optimization
of processes in the model.

5. Conclusion

The paper introduced a new formalism based on the Object-
Valued Petri net to create, synchronize and manage cyclic
models of the value chain. The paper described a basic theory
of economic models based on conversion and exchange
processes and introduced a value chain term in the first part.
The paper also described why current formalisms such as
neural network and state machines are not suitable to build a
value chain model. Paragraph 3 shows an Object-value Petri
net theory focused on the path and pass of the net. This theory
is suitable to build a value chain model because the Object-
valued token can be used to express resources of the value
chain and their transformations. However Object-valued Petri
net are not cyclic and have strictly defined pass and path of the
net. The definition of an extended Object-valued Petri net
formalism - definition 4.3 - solves this problem and adds the
cyclicality. All basic properties are discussed and redefined for
the new cyclic object-oriented model. An extended Object-
Valued Petri net formalism solves all problems mentioned in
the second paragraph and can be applied to any cyclic model.
The proposed formalism has been verified on the ordinary
value chain and basic steps of the simulation are described in
paragraph 4.
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