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Abstract Many companies are making considerable investments in tracking
technology, such as GPS and RFID. Although tracking technology captures
vast amounts of information about the ongoing operations, companies strug-
gle to e�ectively apply this captured information for enhancing their oper-
ational control. In order to contribute in solving this problem, this paper
presents a generic system for enhancing operational control, which applies
the captured information in a more e�ective way. The proposed system is
based on the approach of intelligent products. The intelligent products rep-
resent physical objects, and are capable of autonomously performing some
of the repetitive tasks required for operational control. The usefulness of the
system is demonstrated by presenting the results of several applications of
the system.

1 Introduction

Many companies are making considerable investments in tracking technol-
ogy, such as GPS and RFID, which is capable of capturing vast amounts of
real-time information about the on-going operations (see e.g. [1, 24]). These
investments are typically made with the aim to enhance the control of the
ongoing operations, as the captured information can be applied for detect-
ing unexpected events as well as for directing the decision making aimed
at mitigating the consequences of these unexpected events [3]. Examples of

Gerben G. Meyer
National Taipei University of Technology, Taiwan, e-mail: gerben.meyer@gmail.com

W.H. (Wilrik) Mook
University of Groningen, The Netherlands, e-mail: w.h.mook@rug.nl

Men-Shen Tsai
National Taipei University of Technology, Taiwan, e-mail: mstsai@ntut.edu.tw

1

gerben.meyer@gmail.com
w.h.mook@rug.nl
mstsai@ntut.edu.tw


2 Gerben G. Meyer, W.H. (Wilrik) Mook, and Men-Shen Tsai

unexpected events include delays in transportation and deliveries, failing re-
sources, and products which are missing or malfunctioning. Hence, opera-
tional control is required for determining whether the operations are being
performed as intended, and to make short-term adjustments for mitigating
the negative impact of unexpected events on the ongoing operations [25].

Many companies however struggle to e�ectively apply the captured infor-
mation for enhancing their operational control. Regarding this issue, Crainic
et al. [5] state that �The information is there. One only needs the appro-

priate methodology to transform these data into accurate and timely deci-

sions.�. Many authors con�rm this observation of Crainic et al., showing
that computer-based support systems often fail to provide the required in-
formation and functionality to support planners responsible for the control
of ongoing operations (see e.g. [2, 6, 11, 13, 23]). Therefore, operational con-
trol is still typically a manual task, leaving most of the captured information
unused.

The goal of the research as described in this paper is to develop a generic
system for enhancing operational control by applying the captured infor-
mation in a more e�ective way. A design science approach [8, 21] has been
adopted for the development and evaluation of this system. The proposed
system as presented in this paper is based on the approach of intelligent prod-
ucts [16]. Intelligent products can represent individual physical objects such
as products and resources in the system, and are capable of autonomously
performing some of the repetitive tasks required for operational control. Such
tasks include analyzing the captured information on a low level of granularity,
presenting the captured information in a more comprehensive way, and pro-
viding noti�cations when unexpected events occur. In this way, the proposed
system enables companies to enhance their operational control by applying
the information captured by tracking technologies in a more e�ective way.

The development of the system reported here has been supported by ex-
tensive research related to the concept of intelligent products, which com-
prises two main sources of knowledge. The �rst source is formed by state
of the art theories and frameworks in the �eld of intelligent products (see
e.g. [10, 12, 26]). The recent research trends, emerging architectural designs,
and novel application domains in this �eld are surveyed in [16], leading to
the formulation of a classi�cation model which has been used as a research
framework. The second source of knowledge is based on application oriented
experience, which was gained during the iterative development of an intelli-
gent products architecture and the evaluation of that architecture by means
of validating various prototypes [14].

The remainder of this paper is structured as follows. Next, a short analysis
is presented, leading to the formulation of system requirements. Afterwards,
Section 3 presents the proposed generic system for enhancing operational
control. In order to demonstrate its usefulness, Section 4 presents the results
of several applications of this system. Conclusions are provided in the last
section.
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2 Requirements

As mentioned in the introduction, operational control is typically still a man-
ual task, leaving most of the captured information about the ongoing oper-
ations unused. This is due to the fact that current computer-based support
systems often fail to provide the required information and functionality to
support planners responsible with this task. Hence, new system requirements
are needed, in order to develop a system which is able to contribute in solving
this problem.

Tracking technology typically captures vast amounts of information about
the ongoing operation. For example, �eet management systems capture every
movement of every vehicle in a company's �eet (see e.g. [9]), manufacturing
control systems capture every operation performed by a company's manu-
facturing resources (see e.g. [12]), and product lifecycle management systems
capture every action performed on every individual product (see e.g. [7, 22]).
In order to apply this captured information in a more e�ective way, the sys-
tem should �rst of all be able to access all this information.

• Requirement #1 : The system should be able to access all captured infor-
mation.

Presenting all captured information to the planners will not improve the
operational control of the ongoing operations, as the amount of captured in-
formation is likely to overwhelm the planners. Hence, the system should only
present the information which the planners require for performing operational
control.

• Requirement #2 : The system should only present the information relevant
for performing operational control.

In order to e�ectively perform operational control, it is key that unexpected
events are detected in time. An early detection of an unexpected event gives
the planners more time to assess the situation at hand and to determine
which short-term adjustments are needed for mitigating the consequences of
the unexpected event. Therefore, it is important that the system is able to
pro-actively notify the planners when unexpected events occur.

• Requirement #3 : The system should pro-actively provide noti�cations
when unexpected events occur.

For planners, manually �nding a suitable control decision for mitigating the
consequences of an unexpected event can be troublesome, due to the complex-
ity of the operations under control and the time available for making such a
decision. Hence, it is bene�cial if the system is able propose potential control
decisions, allowing the planners to choose the most appropriate decision.

• Requirement #4 : The system should discover and propose potential control
decisions.
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Fig. 1 System architecture

3 System design

This section describes the Smart Objects System (SOS), the proposed generic
system for enhancing operational control. First, the overall system architec-
ture is presented. Afterwards, the structure and the behavior of the proposed
system are described.1

3.1 Architecture

The overall architecture of SOS is shown in Figure 1. As can be seen from
the �gure, an application built with SOS needs information about physical
objects from one or more external data sources. For each of these external
data sources, a data interface needs to be provided, which interprets the ex-
ternal data and converts the structure of this data into a structure compatible
with the SOS data storage. For every physical object of which information is
stored in the data storage, the server creates an agent which can add intelli-
gence to this physical object. In this way, a so called smart object is created.
Every agent can execute its own application speci�c behavior, for example

1 A more extensive description of the system can be found on the SOS project page:
http://code.google.com/p/smart-objects-system/

http://code.google.com/p/smart-objects-system/
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Fig. 2 System structure

to determine which information will be displayed in the web interface. Be-
sides the agents representing physical objects, several default system agents
are always present. The index, menu, and search-agent are responsible for
generating the generic parts of the web interface, and the notify-agent is
responsible for generating e-mail noti�cations.

3.2 Structure

The basic structure of the system is shown in Figure 2, which shows a simpli-
�ed UML class diagram containing the most important classes of the system.
The purpose of each of these classes will be shortly explained next.

• The SOSServer class is the starting point of the system. It starts the HTTP
and XML interfaces, prepares the AgentCollection and MessageBoard, and
initializes the default system agents.

• The Agent class is an abstract class, which acts as a base for all application
speci�c agents. Every agent represents one physical object in the system, of
which the information is maintained through a set of properties. Methods
for getting and setting these properties, as well as learning its current
status and executing application speci�c behavior are de�ned in this class.

• A Property is a basic data structure which de�nes a single property of an
agent. A number of di�erent property types have been de�ned, such as
text, number, time, and location.

• The AgentCollection is used for managing all agents which are currently
present in the system, and the DataStorage is used for storing all the
properties of agents in a database.

• The MessageBoard is used for communication between agents.
• The HTMLInterface provides the web interface for system users, and the

XMLInterface provides the interface through which external data about
physical objects can be added to the data storage.
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3.3 Behavior

The behavior of the agents is largely application speci�c, and therefore dif-
ferent for every application developed with SOS. This section describes on a
more generic level how the behavior of the agents can be used to meet the re-
quirements introduced in Section 2 when developing an application with SOS.
This behavior is introduced according to the three levels of intelligence for
intelligent products as prescribed by Meyer et al. [16]: information handling,
problem detection, and decision support.

3.3.1 Information handling

When an application is developed with SOS, it is key to determine which
physical objects will be represented by agents in the system. Information
about these objects captured by tracking technology or other information
systems has to be made available to the agents representing them. For this
purpose, application speci�c data interfaces have to be developed, which
translate the external data into data understandable by the agents. In that
way, Requirement #1 will be met, and every agent is enabled to collect all
available information related to the physical object it is representing.

Presenting all available information to the system users will not enhance
operational control. As every agent has to determine which information it will
present to the system users (see Figure 1), the agents representing physical
objects have to be developed in such a way, that only information important
for performing operational control in the speci�c application is displayed. In
that way, Requirement #2 will be met.

3.3.2 Problem detection

By means of the web interface, SOS enables the system users to train the
agents, as the system users can inform them whether their current situation
is problematic or not. The trained agent will generate a training instance
based on the provided status and the information available on the physical
object it is representing. This training instance will be stored in the data
storage and will be shared among other agents representing the same type
of physical object. By using a machine learning classi�er [20], the agents are
enabled to continuously determine their status. In order to meet Requirement

#3, the system users will be directly noti�ed by means of an e-mail message
when the status of an agent suddenly becomes problematic. Moreover, when
requested by a system user, the agents will also provide this information
through the web interface.
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3.3.3 Decision support

Although no generic behavior for agents is provided on this level of intel-
ligence, every agent developed for SOS can perform application speci�c be-
havior needed for decision support. Agents can for example communicate and
negotiate with each other by using the message board, in order to discover
potential control decisions. By developing such application speci�c agent be-
havior, Requirement #4 can be met, as one of the applications presented next
demonstrates.

4 Applications

Two applications of SOS have been developed, in order to demonstrate the
usefulness of the proposed system. These applications will be shortly dis-
cussed next.

4.1 Transportation

One application developed with SOS is an application for enhancing opera-
tional control of a medium-sized road freight transportation company. The
planners of this company struggle to detect unexpected events in time, as the
amount of information collected by the tracking technology in place is too
high to be analyzed manually. Despite the available tracking technology, the
planners are only informed about unexpected events through conventional
methods, such as phone calls with customers and on-route truck drivers, of-
ten resulting in problems being detected too late.

Within the application developed with SOS, every truck of the company
as well as every pallet to be transported by the company is represented by
an agent. This application is focused on the behavior of these agents on the
level of information handling and problem detection, as the main goal of the
application is to assist the planners in handling the available information
and detecting unexpected events in time. Hence, on the level of information
handling, every agent collects all information available in the existing infor-
mation systems of the company related to the physical object it represents
and provides the planners with a comprehensive overview of the plan it is
involved in combined with the actual progress of this plan. On the level of
problem detection, pallet agents are trained to have a problematic status
when their expected delay is one hour or more, and truck agents are trained
to have a problematic status when they are transporting one or more pallets
with a problematic status. The web interface of the application enables the
planners to directly determine which agents have a problematic status. More-
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over, e-mail messages are send automatically to the planners to pro-actively
inform them when the status of an agent suddenly becomes problematic.

The developed system has been used for conducting a pilot study at the
aforementioned transportation company. This study showed that the system
was able to correctly detect problems caused by unexpected events. The plan-
ners were also correctly noti�ed about problems which were not yet observed
by themselves, but nevertheless required immediate control decisions. More-
over, the pilot study showed that the information presented by the agents
enabled a better understanding of the unexpected events including their im-
pact on the ongoing operations. More details on the developed application as
well as the performed evaluation can be found in [15] and [17].

4.2 Production

Another application developed with SOS is an application for performing op-
erational control of a manufacturer of personal computers within the Trading
Agent Competition Supply Chain Management (TAC SCM) simulated sup-
ply chain [4]. Within the TAC SCM simulated supply chain, every manufac-
turer has to procure customer orders, buy computer components, assemble
computers, and ship the computers to the customers. For this purpose, the
manufacturer has a computer factory containing an assembly cell capable of
assembling any type of computer, and a warehouse that stores both compo-
nents and assembled computers.

Within the TAC SCM manufacturer developed with SOS, every product
ordered by a customer is represented by an agent. Such an agent is respon-
sible for the complete processing of one �nal product. Hence, an agent is re-
sponsible for acquiring the components required for assembling the product,
acquiring the required production capacity, as well as arranging the shipment
of the assembled product to the customer who ordered it. The developed ap-
plication is focused on the behavior of these agents on the level of decision
making, as information handling and problem detection are less important in
a simulated environment with no involvement of human planners. Hence, on
the level of decision making, every product agent negotiates with other agents
to plan and control the distribution of components, production capacity, and
shipping capacity. For each of these tasks, an auctioning approach is used, in
which the agents can bid on the required components and resources.

The results of the conducted simulations showed that the developed TAC
SCM manufacturer is very robust in terms of handling unexpected events.
Although the manufacturer had to deal with late supplier deliveries as well
as broken components, it was still able to �nish nearly all of the requested
products in time, without increasing the component inventory �safety stock�.
More details on the developed application as well as the simulation results
can be found in [18] and [19].
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5 Conclusions

Many companies struggle to e�ectively apply the vast amounts of informa-
tion captured by tracking technology for enhancing their operational control.
Therefore, a generic system for enhancing operational control has been de-
veloped, with the goal to apply the captured information in a more e�ective
way. By adopting the intelligent products approach, the proposed system is
capable of autonomously performing some of the repetitive tasks required for
operational control. The presented applications have demonstrated that the
proposed system contributes to enhancing operational control by applying
the captured information in a more e�ective way.

Two managerial implications can be gleaned from the research as presented
in this paper. Firstly, investments of companies in tracking technology are
not likely to directly enhance operational control. Secondly, a system based
on intelligent products as presented in this paper can be applied to overcome
this problem. Due to the generic nature of this system, other companies
facing similar problems when applying captured information for enhancing
operational control are likely to bene�t from the system as well. Accordingly,
future work will be focused on developing additional applications for compa-
nies facing similar problems. These applications can contribute to con�rming
as well as generalizing the results and insights as presented in this paper.
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