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Abstract
The advances in production planning and control in
the last decades have conrmed the centralized nature
of the planning function. However, centralization has
disadvantages when quick response to local production
problems is required. Therefore, renewed interest in
decentralized approaches emerges. This paper investigates the possibility to use intelligent products for decentralized handling of disturbances. Intelligent products are aware of their local context and they can negotiate with local manufacturing resources. Therefore,
local solutions for problems can be suggested, virtually at the same time at which the problem occurs.
The paper demonstrates the viability of this approach
via a simulation study. For reasons of comparison, the
TAC SCM environment is used. Moreover, robustness
is taken as an additional measurement of performance.
The results of the simulations are encouraging.
Introduction

Advances in production and supply chain planning over
the past decades have steadily resulted in centralization of the planning function. There are good reasons
for this centralization, both from a material perspective and from a capacity perspective. From materials perspective, coordination over the supply chain reduces the bullwhip eect (McCullen and Towill 2002;
Jordan et al. 2007). When combined with proper
rules for safety stocks and lot sizes, this eect may almost be eliminated. Moreover, the problem of matched
sets of parts in assembly requires coordination of supply streams for all components in the bill-of-material
(Orlicky and Plossl 1994), which seems again to justify centralized planning. From capacity perspective,
optimization of one resource will usually impact other
resources, such that some kind of coordination is not
only useful but nearly unavoidable.
However, centralized planning also has its drawbacks,
as for example is shown by (de Snoo et al. 2009). These
drawbacks appear in practice, and are caused by the
many small disturbances that occur in manufacturing
and transportation. A typical example of such a small
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disturbance is when a component is damaged, although
it was planned to be used in manufacturing. In this
case, a similar component needs to be sourced from
somewhere else in order to continue with the original
plan. Often, these kind of disturbances are not even
made known to the central planners, as they are often
solved on a more local level by for example a foremen.
Other kind of disturbances can include production errors and misshipments. These disturbances are one of
the many causes why central plans in factories are seldom realized. Therefore, this paper proposes a more
robust planning and control system, based on the concept of intelligent products, which goal is to be able to
handle these disturbances in a more eective way.
The performance of the proposed system will be compared with other approaches, using the Trading Agent
Competition Supply Chain Management (TAC SCM)
simulated supply chain (Collins et al. 2006). However,
the usual measurement of performance in TAC SCM are
the nancial results, in terms of costs made and penalties paid balanced against prots made in sales. In
contrast, this paper argues that such a measurement of
performance does not reect the impact of disturbances
enough. More fundamentally, simulation studies tend
to ignore the disturbances, although they dominate the
planner's activities in practice. This paper aims to contribute here by proposing robustness of a planning and
control system as an additional measurement of performance.
The paper is structured as follows. In the following section, the concept of intelligent products is elaborated. Next, the applied methodology and the proposed planning and control system design are discussed
in more detail. Afterwards, the performance results of
the proposed system compared to other systems are presented. Discussion and conclusions are provided in the
last sections.
Background

Nowadays, there is an increasing interest in the eld of
intelligent products, and how intelligent products can
be applied in dierent elds, such as in manufacturing and supply chain management (Meyer, Främling,
and Holmström 2009). McFarlane et al. dene an in-
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Figure 1: An intelligent product (Wong et al. 2002)

telligent product as a physical and information-based
representation of a product (McFarlane et al. 2003).
Figure 1 shows an example of such a product. In this
gure, the jar of spaghetti sauce is the physical product,
the information-based representation of the product is
stored in the database, and the intelligence is provided
by the decision making agent. The connection between
the physical product and the information-based representation is made using a tag and a reader, as will be
further discussed later on. The fundamental idea behind an intelligent product according to Kärkkäinen et
al. is the inside-out control of the supply chain deliverables during their life-cycle (Kärkkäinen et al. 2003).
In other words, the product individuals in the supply
chain themselves are in control of where they are going,
and how they should be handled.
Recent technologies, such as automatic identication
(Auto-ID), embedded processing, distributed information storage and processing, and agent based systems
have been the main enablers for intelligent products.
Auto-ID technologies, such as barcode and RFID, are
commonly used to uniquely identify individual products
or delivery units. Especially RFID tags are suitable for
tagging individual products, as multiple RFID tags can
easily be read simultaneously, without requiring a lineof-sight, such as is the case with barcodes. In addition
to automatic identication, Auto-ID technologies often
also include localization and sensor technologies. Localization techniques, such as GPS, are often combined
with automatic identication, as the location information is useless without the identity of the located entity (Strassner and Schoch 2002). Another frequently
applied technique is updating the location status of
the product at the moment its barcode or RFID-tag
is scanned, when the physical location of the scanner is
known (Huvio, Grönvall, and Främling 2002).
The vision of intelligent products is to seamlessly
connect the products in the physical world with their
representation in information systems, e.g. through a
product agent as proposed by (Främling et al. 2003).
Intelligent products would make it possible to avoid
media breaks between the real word and the digital
world. Thereby, data about the current and past
state of products from the physical world can be retrieved and updated when needed. The basic building
block for implementing a distributed information stor-

age and processing system for products is that products are identied by globally unique identiers that
either encode links to information sources directly or
that can be used as look-up keys in some kind of network infrastructure. The main three currently known
approaches for distributed information storage and processing are EPC Global (Sarma, Brock, and Ashton
2000), ID@URI (Huvio, Grönvall, and Främling 2002),
and WWAI (www.wwai.org). A technical analysis and
comparison of these approaches can be found in (Främling et al. 2007).
Agents are a useful paradigm to implement the intelligence part of intelligent products. There are several reasons why the use of an agent-based platform for
intelligent products is benecial. Firstly, when there
is a high number of products, the number of products in need of explicit control from the user has to
be reduced. This can be achieved by making the products autonomous. In this way, intelligent products with
knowledge and reasoning capabilities can do most of the
repetitive tasks in an automated way. Secondly, intelligent products should be able to detect and react to
changes in the environment. Agents can pro-actively
assist the product and try to achieve goals given the
change of the environment. Agents can also help in discovering information about the environment by communicating with agents of other products. It is therefore
clear that intelligent agents have characteristics which
are desirable for intelligent products. Of course, an application for intelligent products can be created without the use of agents, but by using agents, one can take
advantage of the methodologies and solutions provided
by the multi-agent paradigm (Carabelea, Boissier, and
Ramparany 2004).
Methodology

To compare the performance of the proposed system as
will be described in the next section with existing systems, the TAC SCM simulated supply chain is used,
as it provides a well-founded testbed for production
planning and control systems of manufacturers. In the
TAC SCM competition, six manufacturers are competing with each other for customer orders and supplier
components. A typical supply chain scenario of a TAC
SCM game can be seen in Figure 2. In such a game,
manufacturers try to win customer orders for delivering
Personal Computers to them. Furthermore, to deliver
these PCs to the nal customers, manufacturers need to
buy components from suppliers, assemble the PCs, and
nally ship them. For this purpose, every manufacturer
has an identical PC factory containing an assembly cell
capable of assembling any type of PC, and a warehouse
that stores both components and assembled PCs.
In the current TAC SCM games and competitions,
the performance indication of a manufacturer is solely
based on the nancial result, in terms of costs made for
material, storage and penalties paid balanced against
prots made in sales. In principle, the manufacturer
with the highest bank account at the end of a game wins
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for n, namely:

• n = 0. In this case, none of the delivered components
will be unusable. Therefore, this scenario is the same
as the original TAC SCM scenario.
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Figure 2: A TAC SCM scenario

that game. This measurement of performance gives a
good indication of which manufacturer is the most efcient one, in terms of costs and benets. However, it
gives no good indication about the robustness of the
manufacturer, in case when the manufacturer has to
deal with disturbances. For showing the robustness of
a manufacturer, a measurement is needed which only
indicates the capability of a manufacturer to handle unexpected disturbances in a exible way. The nancial
results of the manufacturers gives an indication of the
overall performance, but robustness is only a minor part
of that. Therefore, in this paper, an additional measurement is used. This measurement is the percentage
of customer orders that are delivered to the nal customer in time, i.e. if the delivery is before or on the
due date of the specic order. This is considered to be
a good measurement for the robustness of a manufacturer, as it gives an indication about the capabilities of
a manufacturer to still deliver products to a customer
in time, even when disturbances are happening.
Normally, a TAC SCM game does not contain any
disturbances by design. There is only some variability
between games where manufacturers have to deal with,
such as the amount of late supplier deliveries. Therefore, in order to be able to test the robustness of a
manufacturer, a typical disturbance which happens frequently in practice has been added to the game. In
the slightly altered version of a TAC SCM game, every
component which is delivered by a supplier to a manufacturer has n percent chance to be unusable. In such a
case, the component will not be added to the inventory
of the manufacturer. The reason why the component is
unusable reects to the possibility that in reality a component can be damaged, broken, or misshipped. With
this additional disturbance added to the game, experiments have been conducted with three dierent values

• n = 10. In this case, every component has a 10%
chance of being unusable.
For every value of n, a total number of 26 simulations have been conducted, in order to get more signicant results. In every simulation, the same opponents have been used, namely: TacTex-07 (Pardoe and Stone 2004; Pardoe, Stone, and VanMiddlesworth 2007), PhantAgent-07 (Stan, Stan, and Florea 2006), DeepMaize-07 (Kiekintveld et al. 2006),
and Mertacor-08 (Toulis, Kehagias, and Mitkas 2006;
Chatzidimitriou et al. 2008). These opponents have
been chosen based on their rankings in recent TAC SCM
competitions, as well as their availability on the Agent
Repository on the TAC website (www.sics.se/tac). The
sixth manufacturer position was lled by a built-in
dummy manufacturer. The next section of this paper
describes the design of the proposed planning and control system for a manufacturer. Afterwards, the results
are presented.
Manufacturer Design

This section describes the design of the TAC SCM manufacturer agent, named GRUNN, as it has been used
within the conducted simulations. The description of
the design is split into two parts, namely the structural
design, and the behavioral design.

Structure

The main structure of the manufacturer agent can be
seen in Figure 3. The gure shows a UML class diagram, in which the dierent internal agents of the manufacturer agent, as well as their relationships. Within
the manufacturer agent there are four planner agents,
each with dierent responsibilities, such as purchasing,
selling, producing, and shipping. Furthermore, there
are component type agents, product type agents, and
product agents. Each agent type will be shortly described next.

• The purchase planner agent is responsible for acquiring components, which are required for the production of the to be delivered products. However, most
of the tasks of this agent are transferred to other
agents, as the purchase planner agent creates a separate agent for each component type. This separate
agent is responsible for all the tasks related to one
particular component type.
• The sales planner agent is responsible for acquiring
orders. However, most of the tasks of this agent are
transferred to other agents, as the sales planner agent
creates a separate agent for each product type. This
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Figure 3: Class diagram of the internal structure of the
manufacturer agent
separate agent is responsible for all the tasks related
to one particular product type.

• The production planner agent is responsible for assigning production capacity to products which are in
need of assembly.
• The shipment planner agent is responsible for shipping assembled products to the waiting customers.
• A component type agent is responsible for acquiring
components of one certain type. For this, every component type agent needs to negotiate with the suppliers of this component type.
• A product type agent is responsible for acquiring orders of one certain product type. For this, every
product type agent needs to negotiate with potential
customers.
• A product agent is responsible for the complete processing of one nal product. In the case of TAC SCM,
every customer order is considered to be a product,
as every customer order can be seen as an individual
and unique product which needs to be delivered by
the manufacturer to the customer. Therefore, every
customer order will have one product agent assigned
to it, which makes the customer order an intelligent
product. The responsibility of the product agent includes the procurement of components required for
the assembly, the procurement of the required production capacity, as well as arranging the shipment
of the nished products to the customer.

Behavior

This subsection will describe the behaviors of the three
most important agent types within the design of the
manufacturer agent: the component type agent, the
product type agent, and the product agent.

Component type agent

Every component type
agent needs to acquire sucient components of one certain type. For this, the behavior of Figure 4 is applied
by every component type agent. The gure shows a
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Figure 4: Behavior of a component type agent
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Figure 5: Behavior of a product type agent
UML communication diagram, in which the communication of a component type agent with a supplier can
be seen. This act of communication consists of three
steps, which will be discussed next.
First, the component type agent will send Request
For Quotes (RFQs) to every supplier, which can deliver the component type this agent is responsible for.
The amount of components as well as the delivery date
asked for in an RFQ are based on sales estimations, the
quantity that is still in inventory, and the quantity that
is ordered but still needs to be delivered. This sales estimation is based on (historical) information which the
component type agent receives from the dierent product type agents. Secondly, suppliers will send quotes
back to the component type agent, telling the agent
how much they can deliver, on what date, and for what
price. Finally, the component type agent will compare
the dierent quotes, and respond by sending orders back
to the suppliers who had the best quotes for this component type. Which quote is considered to be the best
quote is primarily based on the price per component,
but when prices are almost the same it is also based on
the quantity and the delivery date.
Every product type agent
needs to acquire orders for products of one certain type.
For this, the behavior of Figure 5 is applied by every
product type agent. The gure shows a UML communication diagram, in which the communication of a product type agent with a customer and a product agent
can be seen. This act of communication consists of four
steps, which will be discussed next.
First, the product type agent will receive RFQs of
customers, in case customers are requesting quotes for
products of the type this agent is responsible for. Each
RFQ will contain information about the amount of
products, as well as a due date. Secondly, the product type agent will respond with a quote, when the
agent considers it feasible to deliver the product before
the due date of the customer with a positive nancial
result. To achieve this, the agent will calculate a price
per product based on an estimation of the current market price and adjusted according to the current factory
load. This price is compared with the costs of the required components, resulting in a decision whether the
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Figure 6: Behavior of a product agent
quote will be send to the customer or not. Thirdly,
when a customer considers the quote of the product
type agent the best compared to the other manufacturers, the customer will send back an order. Finally, for
every customer order the product type agent receives, a
product agent is created, which will be responsible for
the complete processing of this one order.

Product agent

As mentioned before, a product
agent is responsible for the complete handling and processing of one particular order. For this, the behavior of
Figure 6 is applied by every product agent. The gure
shows a UML communication diagram, in which the
communication of a product agent with a component
type agent, a production planner agent, and a shipment planner agent can be seen. These communication
acts are part of dierent planning tasks in which the
product agent is playing a role. These dierent planning tasks in which the product agent is involved will
be discussed in more detail next.

• The component planning is the rst planning task in
which the product agent is involved. Product agents
should be able to assist the component type agent
in distributing available components among the different products who require components for production. This functionality requires the intelligent product to already exist before the actual product is produced, i.e. the intelligent product is already in existence from the moment that there is a plan to make
the product. This distribution of components among
products should be based on priority, therefore, products with earlier due dates should get priority above
products with later due dates. In order to achieve
a distribution of components based on priorities, an
auction based negotiation system is used, which consists of several steps. First, every component type
agent will send a Request For Bids to all product
agents, when it has components to distribute. Secondly, every product agent who is in need of this component type will send a bid to this component type
agent, containing the amount of components of this
type it needs, as well as the oered price per component. In this approach, the price per component
the product agent is oering will increase when the
amount of days left till the due date of the specic or-

der is decreasing. Finally, the component type agent
will inform all agents who have send a bid whether
they have won the components or not. The product
agents with the highest bids will always win the auction, as long as the component type agent has enough
components in stock.

• The production planning is the second planning task
in which the product agent is involved. Product
agents should be able to assist the production planner
agent in distributing the available production capacity among the dierent products who require production. As with the component planning, the distribution of production capacity among products should
be based on priority, therefore, products with earlier
due dates should get priority above products with
later due dates. In order to achieve a distribution
of production capacity based on priorities, an auction based negotiation system is used, which consists
of several steps. First, the production planner agent
will send a Request For Bids to all product agents,
when it has production capacity to distribute. Secondly, every product agent who is in need of production will send a bid to the production planner
agent, containing the amount of production capacity
it needs, as well as the oered price per production
unit. In this approach, the price per production unit
the product agent is oering will increase when the
amount of days left till the due date of the specic order is decreasing. Finally, the product planner agent
will inform all agents who have send a bid whether
they have won the production capacity or not. The
product agents with the highest bids will always win
the auction, as long as the production planner agent
has enough production capacity available.
• The shipment planning is the third planning task in
which the product agent is involved. Product agents
should be able to assist the shipment planner agent
in planning the shipments of nished products to the
customers. Dierently than the component planning
and production planning, no prioritizing is needed,
as there is no limitation on the shipment capacity in
case of TAC SCM. However, for design consistency,
the applied approach assumes a limited shipment capacity, which therefore requires prioritization. In order to achieve a distribution of shipment capacity
based on priorities, an auction based negotiation system is used, which consists of several steps. First,
the shipment planner agent will send a Request For
Bids to all product agents. Secondly, every product
agent who is in need of shipment will send a bid to
the shipment planner agent, containing the amount
of shipment capacity it needs, as well as the oered
price per shipment unit. Finally, the shipment planner agent will inform all agents who have send a bid
whether they have won the shipment capacity or not.
But as there is no limitation on the shipment capacity available, always all product agents with bids will
win the auction.

The system as described in this section will not be able
to give the best possible plan, as a centralized system
can always calculate a closer to the optimal solution
within a mathematical domain. However, this system
presented here can result in a very robust manufacturer,
as will be demonstrated by the results in the next section.
Simulation Results

This section shows the simulation results of the conducted experiments. As described in the methodology
section, three dierent experimental setups have been
used, namely with zero, ve, and ten percent of delivered components which were unusable, and therefore
not delivered to the inventory of the manufacturer. For
every experimental setup, a total number of 26 simulation runs have been executed, and the results presented
in this section are based on the average and standard
deviation of these simulation runs. In all the results, the
dummy agent is omitted, as this agent did not provide
any relevant results.
Figure 7 shows the results of the conducted experiments in terms of prot. Two important observations
can be made from the graph. Firstly, the graph clearly
shows that for all three dierent experimental setups
GRUNN does not perform as well as the other agents
in terms of prot. This observation is in line with our
expectations. Secondly, for all manufacturers, the prot
is decreasing when the amount of unusable components
is increasing. This observation is also in line with our
expectations, as manufacturers need to buy more components to nish the same amount of orders, when the
amount of unusable components is increasing.
Figure 8 shows the results of the conducted experiments in terms of orders nished in time. The graph
shows that the percentage of orders nished in time is
decreasing for all agents when the percentage of unusable components is increasing. Only GRUNN is an
exception to this. Even in the case where ten percent of
all components are unusable, GRUNN still manages to
nish nearly all orders in time. This observation conrms that an approach based on intelligent products
can be very eective in handling disturbances.
Figure 9 shows the average storage costs per accepted
order for every manufacturer. This gives an indication
of the inventory levels of each manufacturer. A simply
way to deal with unusable components in the case of
n = 5 or n = 10 would be to increase the component
inventory "safety stock" by a small margin. The gure
however shows that GRUNN does not hold a signicantly larger inventory than the other manufacturers.
Discussion

The use of centralized planning systems seems to be justiable because of many reasons, as was already mentioned in the introduction of this paper. Also the simulation results given in this paper justify centralized
planning, as all manufacturers have a higher average

prot in TAC SCM simulations than the proposed intelligent product based manufacturer. This is however
not a surprise, as in principle a central algorithm can
always calculate the optimal solution in a closed and
modeled world. On the other hand, the performance
of decentralized planning systems are normally greedy,
and in that sense suboptimal.
However, during the execution of the plan, unforeseen
events can happen. Such disturbances can be solved
both in a centralized or distributed way. The results of
this paper show that the intelligent products approach
is very robust in terms of handling these disturbances.
Therefore, this approach seems to be very promising as
a control system during the execution of a plan. However, if a simulated environment contains disturbances
in a way as they happen in real life, the simulation still
only contains modeled versions of these disturbances.
In such a modeled environment, a centralized approach
can in the end still always outperform a distributed approach, as it is always possible to calculate an optimal
solution within a model. Therefore, we argue that solving disturbances locally instead of centrally is especially
benecial outside a simulated environment, because of
several reasons. Firstly, a central system will not have
enough local attention for individual small problems,
and therefore notice and solve problems of individual
products too late. On the other hand, intelligent products can notice and solve their own problems locally.
Secondly, for a central system it is more dicult to
take all local constrains of individual products into account properly. This can be done more easily in a localized way. Finally, a central system always requires
a central point of communication. When this central
point of communication is down for whatever reason,
the whole system fails. A distributed system is more
robust against this type of problems. Therefore, we believe that an intelligent products approach will have a
bigger benet in real life situations, where always situations can occur which are outside the model. This
could prevent a central system to calculate a good solution when disturbances are happening.
However, as a central system is better in terms of creating an optimal plan, and an intelligent products based
approach seems to be better in terms of robustness during plan execution, we believe the "ideal" planning and
control system would be a combination of the best of
both worlds. Therefore, future work should be focused
on investigating how a production planning and control
system for a manufacturer can be improved by combining both a centralized approach and a distributed
intelligent products approach. This can be studied using the TAC SCM testbed, but it would especially be
important to study this in a real world setting.
Conclusions

In this paper, a new production planning and control
system was presented. This system is based on the concept of intelligent products. A product becomes an intelligent product, when an intelligent agent is attached
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Figure 9: Storage costs of manufacturers per accepted order
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to the product, which is managing that individual product locally. In such a way, the planning and control system can be more robust, as disturbances can be solved
locally. This approach was validated by comparing the
performance with other manufacturer systems in the
TAC SCM testbed. Conducted simulations in the TAC
SCM testbed showed good results in terms of robustness
for the planning and control system based on intelligent
products, but poor results in terms of prot. Therefore,
it requires further investigation how a system can use
the best of both centralized planning and distributed
disturbance handling.
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