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ABSTRACT

As supply chains exceed the limits of a company their
behaviour grows more complex. The design of an
efficient global supply chain network is of great
importance in a competitive environment. As many
uncertainties occur in the flow of goods, information or
payments, simulation is an appropriate tool to model the
behaviour of such a network. A chain is known to be as
good as its weakest link and these links have shown to
be failure prone. Therefore our focus is on chains with
unreliable links. This enlarges the complexity of the
model. In order to obtain a correct model for the
logistics reality to be studied, we propose a formal
method, which is able to generate a simulation model in
an automatic way. Petri nets are chosen as the
formalism. The procedure how to build such a model is
outlined in detail for a serial logistics system. Hints are
given how to extend the idea in a context with
alternatives in case of link failures.

1. INTRODUCTION

The supply chain of a company encompasses all
entities, such as plants, distribution centres and
transportation modes, that ensure a steady flow of
products, from raw materials, up to the final delivery in
the hands of the consumer. This means that most supply
chains link multiple companies in a sequence of

supplier-customer relations (Beamon 1998, Slats et al.
1995).

The literature on designing a supply chain focuses
mainly on the objectives of minimising cost or
maximising profit. Most methodologies do not take into
account reliability, although it has been identified as a
key performance contributor (Vidal and Goetschalckx
1996). A reliable supply chain should assure on-time
arrival of parts and subassemblies to the different
locations, so that excessive work-in-process do not
builds up causing delays, inventory, costs or poor
customer service. The notion of supply chain reaction
time refers to the total elapsed time between receipt of
the customer order and the final delivery of the
complete order.

The major components of a generic supply chain are
shown in Figure 1. They can de divided into:
information flows (dashed line), material flows (solid
line), process steps (rectangle) and storage locations
(triangles). The directed network, formed by the
sequence of flows in Figure 1, consists of two paths,
representing the major flows through the supply chain.

A first flow (A) starts with the customer (the order), is
converted by the Order Mix function (a planning step)
into an assembly command that passes to the component
storage. In the storage material is picked for the order at
hand, and moved to the assembly line. Assembly can
only start if all parts are available. Some of the parts are
on-order only, which forms a second path (B): from the
Order Mix, to Purchasing and the Suppliers.
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Figure 1: A generic supply chain

There the components are prepared and delivered to the
assembly, allowing to finish this customer order.

This generic scenario reflects typical planning
behaviour. In order to evaluate the benefits of the
integration of such a chain, its performance is likely to
be estimated by means of computer simulation. In
practice rigourous planning is disturbed due to
uncertainties and  failures.  Uncertainties have
instantiations as variable lead times between
intermediate links in the chain. They are characterised
by a probability distribution. Figure 1 shows maximum
and minimum lead times in days. A simulator, able to
process this network is described in Van Landeghem
and Debuf (1997). A detailed description of the
simulator templates for implementation can be found in
Van Landeghem (1998).

As supply chains make use of transport means, their
reliability is affected by both variations in demand for
transport services and variations in the supply of
transport services. Wakabayashi and lida (1992) define
reliability as “the probability of a device performing
adequately for the period of time intended under the
operating conditions encountered”. The definition is
very general in nature and the word ‘adequately’ has to
be filled in by the user. In transport, in some cases it
might be of primary interest that the journey is finished
by a certain time, while in other cases it is more
important to assess whether a disruption might be
encountered on the journey (Nicholson et al. 2003).
Failures appear because the links in the chain are not
reliable. Delivery of materials may be late. A distributor
may be unable to ship due to weather conditions. In
such situations a logistics manager makes use of
alternative options. In the former case a safety stock
offers a solution. In the latter case alternative routes
allow goods to proceed in the chain. In this paper we

investigate the construction and verification of model
for this kind of supply chains.

2 SIMULATION OF UNRELIABLE LINKS IN A
SUPPLY CHAIN

In order to facilitate the construction of various
configurations of a supply chain network with
unreliable links we propose a formal procedure. The
procedure, if followed strictly, serves as a validation
tool because it guarantees an automatic and correct
generation of an executable simulation model.

It is stated in Goldratt and Fox (1986) that “Current
throughput is in danger” in a JIT system. Failures at any
link result in the failure of the entire supply chain, and
consequently the overall throughput towards the market
is affected. To improve the throughput rate either
alternative routes or modes of transport, or intermediate
buffer storages can be used.

Similar problems appear in flow line production
systems. These production systems consist of a number
of stages (arranged in series) at which operations are
performed on a workpiece. Operations at the stages are
performed by machines or by equipment, which are
subject to failure. Also in this case, either stand-by
machines or intermediate buffers are used to improve
the throughput of the production line.

We use a Petri net as the formal model. The aim is to
provide to the designer a set of rules, which generates
the places and transitions for the Petri net. The Petri net
itself leads to the simulation model. We illustrate the
method first for a serial supply chain (i.e. without
alternative routes or modes of transport), including
safety stock. The operation of each link in the chain can
go down for reasons due to its own characteristics. A
production operation may fail. A ferry has to stay in the
harbour due to a storm. But it can go down due to



neighbouring links too. If a previous operation does not
provide any raw materials the production can get
starved. If the storage at the wholesaler is full, the
distribution company is blocked. Depending on the
stochastic behaviour of each link and the sizes of the
intermediate buffers the performance of the whole chain
changes.

The Petri net is further extended with alternative
choices. The alternatives are not choices, which are
evaluated each time the link is used. They serve to
resolve problems if it is likely that the link will get
starved, blocked or will cause stoppages further in the
chain. Examples are: if a ferry has to stay in the
harbour, air carriage can be used; if a supplier is out of
stock, goods can be bought from a secondary supplier. It
is clear that the use of alternatives influences the chain
performance, e.g. in terms of speed or cost.

3 MODELLING A GLOBAL SUPPLY CHAIN

The behavior of a supply chain with multiple links and
intermediate storages is very complex. Logistics
managers are interested in performance measures of
such a system. Availability, or the percentage of time
that the chain is supplying to the final customer, is used
frequently as an important performance measure.
However, analytical results exist only in very simple
cases. In other cases either approximations or simulation
models are used. If abstracted, the types of models
studying a smooth and constant flow of goods from
supplier to customer are similar to models of flow-line
systems. The name of the systems is borrowed from
serial production systems.

In the literature on multi-stage lines with finite
intermediate buffers, De Koster (1989) distinguishes
four classes of models. His third class deals with
continuous flow models. Machine speeds are
deterministic but machines may fail. This is the model
class, which refers to our type of modeling. Goods
flows are deterministic but supply chain links may fail.
Some examples of these models can be found in
Wijngaard (1979) and in Malathronas et al. (1983).

While obtaining analytical results for a system with
many machines is considered to be an impossible task,
also the approximative models or simulation models are
to be questioned. Approximation models are of two
types: aggregation models or decomposition models.
The system with two machines and one buffer in a
continuous flow-line, has been studied by Malathronas
et al. (1983). An approximative model for three
machines is formulated by Van Oudheusden and
Janssens (1994) in which exponential uptimes and
downtimes are assumed for aggregated machines. Both

approximation models and simulation models make use
of system states. For lines with multiple machines and
buffers, the number of states tends to become very
large. A formal technique to generate all possible states
of the system in an automatic way could be of great
help. In the next sections we investigate the
opportunities and limitations of a Petri net as a formal
modeling tool for flow line systems within the context
of a supply chain.

4 A PETRI NET MODEL FOR A SERIAL SUPPLY
CHAIN

A Petri net in its graphical or mathematical form has
no physical meaning. However, it is able to model
systems in which some events occur concurrently, but in
which there are constraints on the concurrence,
precedence or frequency of these occurrences. This idea
can be used to model supply chains. A place may
represent a condition (e.g. a link is available or not), or
it can represent a link status (e.g. the number of tokens
represents the number of vehicles within the distribution
system).

Van der Aalst (1994) has suggested the use of Petri
nets for logistics systems. Goods and capacities can be
represented by tokens; buffers, storage space and media
by places, and operations by transitions. In continuous
flow these definitions cannot be held. Individual items
do not exist. Tokens and places require other meanings.

As far as we know, only one paper deals with Petri
nets used to model automatic transfer lines. Al-Jaar and
Desrochers (1990) present two stochastic Petri nets to
evaluate the performance of transfer lines. The
assumptions are comparable to ours, except for the fact
that they work in a discrete production environment
instead of a continuous one. Modelling a continuous
chain including breakdowns is the main subject of this
contribution.

The serial supply chain consists of » links, separated
by n-1 storages (n > 2). The storages in the system can
be
in one of three states: empty, full or in an intermediary
position (labelled 'half’). Links can be either up, down,
starved or blocked. A link M is starved if one of the
upstream links is down and all storages between this
link and link M are empty. A link M is blocked if one of
the downstream links is down and all storages between
this link and link M are full. When a link is operational
and neither starved nor blocked, it supplies goods from
the upstream storage to the downstream storage in a
continuous way at a constant rate. The situation is
shown in Figure 2.
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Figure 2: An n-link (n-1)-storage supply chain

States Associated With a Link or a Storage

We propose a Petri net in which a place represents the
state of a link or of a storage. For each storage, three
places are added to the net, indicating that the storage is
respectively full, empty or at an intermediate level.
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For each link, except the first and the last, four places
are added, indicating that the link is respectively up,
down, blocked or starved. The first link does not have a
place for the state 'starved' and the last one does not
have a place for the state 'blocked'. Graphically, the set
of places P is represented in Figure 3:
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Figure 3: Places of a general Petri net representing the supply chain links and storages

Transitions of the Petri Net Model

Failure or start-up of a link may influence the state of
each other link or storage in the chain. Likewise, when a
storage becomes empty, this may have an effect on each
downstream link or storage. When a storage becomes
full, this may have an effect on each upstream link or
storage. It is impossible to define a general building
block of places and transitions, which can be repeated to
describe the behavior of a chain with multiple links and
storages.

For example, assume all links are operational, but all
storages are empty. If link 1 goes down, all other links
become starved. This means that the effect of a single
event can spread throughout the entire chain of links
and storages and that it is impossible to define a
building block of e.g. one link and one storage, which
can be repeated to form the Petri net of a serial system
with n-links and (n-1)-storages.

For this reason, we do not concentrate on the
transitions of the Petri net, but on the rules to generate
the transitions. The transitions model the events, which

occur while the system evolves. Four types of events
need to be modelled:

1. a link goes down,

2. a link starts up (is repaired),

3. a storage becomes full,

4. a storage becomes empty.

All other changes of state occur as a result of one of
these four events. E.g. a link becoming blocked is
always the result of a storage becoming full. A storage
changing state from full or empty to an intermediary
position is always the result of a link failure or a link
start-up or of another storage becoming full or empty.

Rule schemata

The rules for generating the Petri net transitions are
represented by schemata. A change of state for a
specific link or storage is indicated by a square
containing the names of two places, separated by the
symbol V. Such a square is called a block. The upper
place is added to the input places of the transition, the
lower place is added to its output places. In Figure 4, the
breakdown of link 7 is depicted.
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Figure 4: Failure of link i

The Petri net transition equivalent to this event is also
given. The arrow means 'gives rise to the transition'.As

text, the block in Figure 4 can be denoted as [Mi up >
Mi down].

A block may contain two identical places. This means
that there is no change of state for this storage or link,
but the places are needed in the transition. Blocks that
are adjacent but not connected by arrows can be
considered to be one block. All places have to be added
to the transition. The details of the rule schemata and
the instructions when to use them fall beyond the scope
of this paper. A complete description can be found in
Sorensen and Janssens (2003).

For example, assume we are dressing up the
transitions for the event /ink 2 starts up in a 5-link 4-
storage system. The schema is given in Figure 5.
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Figure 5: Reduced and expanded schema of link 2 starting up in a 5-link system with one possible path

indicated

As an example, one path through the schema is
indicated by the shaded blocks. The transition, which
belongs to this path is shown in Figure 6.

/X X 3 24
B2 empty

Figure 6: Transition equivalent to the
shaded path in figure

There are eight possible paths through the schema in
figure 5. Therefore, eight transitions are dressed up for
the event link 2 starts up.

The Petri net transitions are timeless, i.e. they fire
instantaneously, no matter how far-reaching their
implications are. Also, transitions cannot fire
simultaneously. This excludes some situations from
occurring. E.g. If a link is down, the upstream storage
cannot be empty, because this situation can only occur if
the storage became empty at exactly the same time as
the upstream link went down.

5 TRANSFORMING THE PETRI NET MODEL
INTO A SIMULATION MODEL

Token Attributes

To transform the Petri net model into a simulation
model, a time aspect needs to be added to the Petri net.
This can be reached by attaching one or more attributes
to each token in the Petri net. A difference is made
between static and dynamic attributes. Static attributes
do not alter as the simulation progresses and can be seen
as the parameters of the simulation model. Dynamic
attributes change during the simulation.

A token belonging to a link invariant (a token that
indicates the state of a link) has one dynamic attribute,
which has a different meaning depending on the place
the token is in (state the link is in). Their meanings are
indicated in Table 1.



If the amount of goods in a storage is expressed in a
certain volume unit » and the progress of time in a time
unit 7, then the speed with which links add or extract
goods from the storage is expressed in "volume per
time" units (V/7). In a balanced chain, we can, without
loss of generality, assume that this speed is one for all
links.

Link state | Meaning of time property

Up Time left until the link fails
Down Time left until the link starts up
Starved / Uptime remaining (time left until the link

Blocked would fail if it were operating)

Table 1: Meaning of an attribute belonging to
a link invariant for different link states

Tokens in storage invariants have two attributes. A
first one indicates the maximal storage capacity and is
of the static type. A second one indicates the current
storage content and is of the dynamic type.

Execution of the Simulation

The simulation is now executed according to the logic
shown in Figure 7. Steps 1 and 5 are typical in the
dynamics of a Petri net model. Step 3 is typical in
any discrete event simulation logic. Steps 0, 2 and 4
require some further explanation.

In the explanation following notations are used:

NE Next-Event time

Ty Value of simulation clock after
the k-th transition

tix Value of the time property of link ;
after the k-th transition

Cix Value of the storage content property
of storage i after the k-th transition

Vi Value of the storage capacity property

of storage i.

Step 0: Initialise The Simulation

Initialising the simulation entails the choice of starting
values for the variables in the simulation program. A
difference can be made between decision variables
(which do not change as the system evolves) and other
variables.

Decision variables concern:
e the number of links,
e the capacity of each storage,
e the types of distributions used for failure times and
start-up times and their parameters.

Other variables are:
e the state of each machine,
e the content of each buffer.

0. Initialise the simulation.

!

‘ 1. Identify all enabled transitions in the Petri net

!

‘ 2. Calculate the next-event time for each enabled transition. ‘

!

3. Take the earliest event time. Move the simulation clock to
this time. Calculate the progress of time.

!

‘ 4. Recalculate all dynamic token attributes. ‘

!

5. Fire the transition with the earliest event time.

Simulation
not finished

Figure 7: Simulation logic

The initial values of the latter variables should not
have an impact on the results of the simulation,
providing the simulation runs are long enough.

Step 2: Calculate The Next-event Time For
Each Enabled Transition

Depending on the action performed by a transition, the
next-event time for this transition is calculated as
follows:

Link starts up

The next-event time is calculated by adding the time
property of the token (the time remaining until this link
goes down) to the current simulation time.
NE = Tk + ti,k

Link fails

The next-event time is calculated by adding the time
property of the token (the time remaining until this link
is repaired) to the current simulation time.
NE = Tk + ti,k

Storage becomes empty

The next-event time is calculated by adding the value
of the content property to the current simulation time.
This can be done because of the assumption that the
speed with which links add or extract goods from the
buffers equals one.
NE = Tk + Cik

Storage becomes full

The next event time is calculated by adding the
difference between the values of the storage capacity
and the storage content properties to the current
simulation time.
NE =Ty + (vi - ¢ix)



Step 4: Recalculate all token properties

Because the system of links and storages has evolved
for a certain period of time, some of the token properties
have changed. Storages have become more full or
empty, and links will have gotten closer to their failure
or start-up event.

The amount of time, which has elapsed since the last
transition is indicated by: ATy (AT = Tysy - Ty).

Token properties of links, which have gone up or
down

If the transition with the earliest next-event time is
that of a link going up, the time property of its token is
reset and assigned a new random drawing from its Mean
Time To Failure (MTTF) distribution. If the transition is
that of a link going down, the time property of its token
is assigned a new random drawing from its Mean Time
To Repair (MTTR) distribution.

Token properties of other links

If the link is up or down, the value of its time property
is incremented with the progress in time.
tixer = tix + ATy
If the link is starved or blocked, the value of its time
property remains unchanged.

Token properties of buffers

For storage i, if link 7 is up and link i+/ is not (it is
down or blocked), then the storage is filling up and the
content of the storage is increased with the increase in
time.
Cixr1 = Cix T ATy

If link i+/ is up and link 7 is not (it is down or
starved), then the storage is depleted and the content of
the storage is decreased with the increase in time.

Cik+1 = Cik - ATy

If links i and i+ are both up or both not up, then the
value of the content property for storage i remains
unchanged.

6 CONCLUSIONS AND EXTENSIONS FOR
MORE COMPLEX SUPPLY CHAINS

Supply chain networks seldom show such a simple
structure as the one explained in the previous sections.
The reader should be aware that a lot of research has to
be done before a general and suitable framework for
verifying simulation models in this field is worked out
completely. We show briefly how the option of
alternatives can be embedded into the same framework.

Alternatives have different meanings in a logistics
reality. They can refer to a different supplier or shipper,
or to an alternative mode of transport. Each link in the
chain (called primary link) can have any number of
alternative links. They come into operation when a link

fails. When the alternative links are up but not operating
(they are waiting for the primary or any other link to
fail), they are said to be in ‘standby mode’. In a real
system both the alternatives and the intermediate
storages can be combined, as shown in Figure 8.
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Figure 8: A supply chain network with alternative
options and with intermediate storages

Also this type of network can be modeled by means of
a Petri net, and its automatic generation is similar. In the
case of alternative options, priorities have to be
included.

Alternatives have a priority. This means that

e ifalink fails, the link with the highest priority of all
stand-by alternatives comes into operation.

e if a link with a higher priority than the link
currently in operation is repaired, it will start up
and interrupt the one currently in operation. The
latter is put again in stand-by mode.

Many configurations of supply chain networks can be
thought of, but simulation is only of efficient support to
the designer if he is sure that the model can be verified.
Automatic generation of the simulation model through a
formalism, like Petri nets, is certainly of great
importance in this field of practice.
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